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INTRODUCTION 


The  research  program  supported  by  ONR  under  Contract  N00014-76-C-1035 
(SRI  Project  PYU-5808)  has  primarily  been  concerned  with  experimental  studies 
of  the  mechanisms  responsible  for  single  and  multiphoton  dissociation  (MPD)  of 
molecular  ions.  With  the  development  of  intense  lasers  covering  a  wide  range 
of  wavelengths,  multiphoton  absorption  and  dissociation  processes  have  become 
prominent  research  subjects  because  of  their  theoretical  and  applied  impor¬ 
tance.  Yet,  despite  intensive  study,  little  is  known  of  the  fundamental 
processes  that  govern  these  phenomena.  Such  information  will  have  a  strong 
impact  on  the  future  application  of  lasers  to  chemical  processing,  isotope 
separation,  frequency  conversion,  and  other  military  and  nonmilitary  applica¬ 
tions  important  to  our  national  security. 

The  work  under  this  contract  has  focused  on  the  transition  between  single 
and  multiphoton  absorption,  which  is  believed  to  be  the  key  step  in  initiating 
the  multiphoton  absorption  in  molecules  in  the  presence  of  intense  laser 
fields.  Although  multiphoton  absorption  and  dissociation  has  been  observed  in 
numerous  systems,  the  details  of  these  initiating  steps  remain  unknown.  The 
influence  of  such  variables  as  mass,  charge,  rotational  state,  and  anisotropy 
in  the  molecular  potential  are  also  uncertain. 

In  addition  to  investigating  this  important  transition  region,  we  also 
extensively  studied  the  final  step  in  the  multiphoton  dissociation  process, 
that  is,  the  single  photon  dissociation  of  highly  vibrationally  excited  molec¬ 
ular  species.  These  studies  probed  the  molecular  regime  often  referred  to  as 
the  "quasi-continuum. "  It  has  long  been  assumed  that  once  a  molecule  reaches 
a  sufficiently  high  level  of  vibrational  excitation  (either  via  the  absorption 
of  many  IR  quanta  or  some  direct  formation  reaction),  the  density  of  states 
would  essentially  form  a  continuum.  Under  these  conditions,  any  subsequent 
absorption  process  would  be  expected  to  be  wavelength  independent.  This 
description  received  some  early  validation  from  several  two-laser  experiments 
where  vibrationally  excited  molecules  were  found  to  undergo  MPD  at  wavelengths 
removed  from  the  ground  state  absorption  bands.  Nonetheless,  it  has  also  been 
suggested  that  the  IR  absorption  strengths  should  remain  peaked  near 


frequencies  of  the  normal  modes,  even  in  the  quasi-continuum.  As  a  result  of 
work  done  under  this  contract,  the  process  of  absorption  and  dissociation  of 
molecular  ions  within  the  quasi-continuum  has  been  significantly  clarified. 

Finally,  this  contract  has  also  supported  preliminary  studies  of  the 
photoabsorption  of  the  electronically  excited  atomic  negative  ion  He~(^P). 
This  species,  which  is  important  in  gaseous  discharges  and  excited  laser 
media,  is  weakly  bound  relative  to  the  2  S  metastable  state  of  the  neutral 
atom  and  thus  has  an  excitation  energy  >  19.7  eV.  Although  this  ion  lies 
within  the  true  continuum  relative  to  He  plus  a  free  electron,  it  is  meta¬ 
stable  with  respect  to  autodetachment  and  stable  with  respect  to  radiative 
decay.  These  unique  properties  make  It  possible  to  study  the  laser-induced 
photodetachment  of  He-. 


RESEARCH  PROGRAM 


A.  Photodissociation 

In  the  initial  phase  of  the  research  program,  we  studied  the  infrared 
absorption  spectrum  of  polyatomic  molecular  ions  to  obcain  information  on  the 
vibrational  states  of  these  ions  before  studying  the  mechanisms  of  one-  and 
two-photon  absorption  processes.  The  desired  ions  were  formed  in  either  a 
static  dc  discharge  or  via  electron  impact,  then  extracted,  mass  selected,  and 
focused  into  a  beam  before  they  interacted  with  an  IR  laser  beam.  By  merging 
the  ion  and  laser  beams  colinearly  over  a  30-cm  path  and  making  use  of  the 
very  high  resolution  wavelength  tuning  possible  by  velocity  (Doppler)  tuning 
the  ion  beam,  we  undertook  preliminary  studies  of  ^0^®0+  and  we 

attempted  to  detect  IR  absorption  in  the  positive  ion  case  by  observing 
changes,  in  the  fixed  (visible)  wavelength  photodissociation  yield  as  the  IR 
wavelength  was  varied  and  in  the  negative  ion  case  by  observing  corresponding 
changes  in  the  photodetachment  signal.  Extensive  searching  produced  no 
measurable  evidence  of  an  IR  absorption  in  either  02+,  02~,  or  several  other 
ions  studied.  It  was  subsequently  found  that  these  ions  were  produced  in  the 
source  with  very  high  degrees  of  vibrational  excitation.  As  a  result,  it  was 
not  possible  to  drive  transitions  between  levels  that  were  essentially  equally 
populated.  Further  investigation  showed  that,  in  fact,  these  ion  species  were 
sufficiently  excited  so  that  they  could  be  dissociated  using  a  single  infrared 
photon  of  energy  <  1000  cm  ;  that  is,  the  ions  were  produced  initially  in 
very  high  vibrational  states,  and  electronic  transitions  to  repulsive  states 
were  excited  at  IR  wavelengths.  This  fact  was  confirmed  by  using  ^02+, 
has  no  purely  vibrational  electronic  moments,  but  which  was  nevertheless 
photodissociated  by  the  IR  laser.  No  significant  wavelength  dependence  was 
observed,  which  was  consistent  with  our  interpretation. 

As  a  result  of  this  discovery,  we  began  a  systematic  study  of  the  single 
IR  photon  dissociation  of  highly  vibrationally  excited  molecular  ions.  In 
addition  to  measuring  the  wavelength  dependence  of  the  IR  photodissociation  of 
excited  molecular  ions,  we  were  also  able  to  measure  the  translational  energy 
release  accompanying  dissociation,  as  well  as  the  dissociative  lifetime  of 
ions  following  absorption. 
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Table  1  lists  the  Ions  studied  and  the  type  of  Information  measured  for 
each.  More  complete  and  detailed  reports  of  the  photodissociation  of  CF.jI+, 
CFjBr+,  and  CF^Cl*  have  also  been  published  and  are  included  in  Appendices  A 
and  B.  A  full  description  of  the  relevant  experimental  methods  used  in 
measuring  both  the  wavelength  dependence  and  the  translational  energy  spectra 
is  given  therein. 

As  shown  in  Table  1,  many  of  the  ions  studied  could  be  readily  photodis- 
sociated  by  a  single  IR  photon  from  a  low-power  CO2  laser.  Interestingly,  the 
yield  of  photofragments  was  often  a  strong  function  of  wavelength.  For 
example,  the  dissociation  cross  section  of  CF^I*  peaked  sharply  at  947  cm-1 
(see  Figure  1,  Appendix  A).  The  strong  wavelength  dependence  for  absorption 
of  this  and  other  highly  vibrationally  excited  molecular  ions  is  one  of  the 
most  significant  results  of  our  work,  and  its  interpretation  is  discussed  at 
length  in  Appendix  A.  It  suffices  to  say  here  that  these  absorption  features 
result  from  the  excitation  of  one  of  the  fundamental  vibrational  modes  of  the 
ion.  Thus,  even  though  the  ion  is  highly  excited  and  lies  well  within  the 
quasi-continuum,  its  absorption  strength  tends  to  remain  peaked  at  character¬ 
istic  frequencies.  This  rather  unexpected  result  has  allowed  us  to  identify 
for  the  first  time  the  C-F  symmetric  stretch  frequency  in  several  ions. 

In  fact,  in  each  ion  studied  to  date,  the  absorption  can  be  atributed  to  a 
C-F,  stretching  mode  with  a  frequency  of  ~  1000  cm  *.  Thus,  attempts  to 
photodissociate  CH^I+  proved  unsuccessful  because  no  appropriate  vibrational 
mode  falls  within  the  tuning  range  of  the  COo  laseoc.*  Additional  examples  of 

the  wavelength  dependence  of  the  ion  photodissociatioir  .^ield  are  given  in 

\ 

Figures  1  through  5  for  a  variety  of  species.  In  each  case,  the  dissociation 

N 

yield  shows  distinct  peaking  about  a  wavelength  in  the  900  t'o  1100  cm-1 

\ 

region. 

As  a  result  of  the  unique  features  of  the  laser-ion  coaxial  beams  spec¬ 
trometer  used  in  this  work,  we  were  able  to  obtain  an  approximate  estimate  of 
the  dissociation  lifetimes  of  several  longer  lived  ions  excited  by  the  low- 
power  laser.  This  measurement  was  accomplished  by  observing  the  photofragment 
signal  produced  over  two  different  path  lengths.  Knowing  the  ion  velocity  and 
the  two  flight  lengths,  we  can  use  the  measured  signals  to  deduce  the  disso¬ 
ciation  lifetime.  The  measured  lifetimes  for  four  ions  of  varying  complexity 
are  listed  in  Table  1.  For  each  of  these  ions,  we  also  observed  a  metastable 
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SUMMARY  OF  ION  SYSTEMS  STUDIED 
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FIGURE  1  PHOTODISSOCIATION  YIELD  OF  C2F5  AS  A  FUNCTION  OF  IR  LASER 
FREQUENCY,  CORRECTED  FOR  INCIDENT  POWER  VARIATIONS 
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FIGURE  2  PHOTODISSOCIATION  OF  C0F 
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FIGURE  5  PHOTODISSOCIATION  OF  C.,F, 


component  In  the  beam  giving  rise  to  a  fragment  signal  in  the  absence  of  the 
laser.  These  metastable  ions  must  necessarily  be  produced  in  the  source  with 
a  total  internal  energy  exceeding  the  dissociation  limit.  The  lifetimes  of 
these  metastable  ions  were  measured  in  the  same  way  as  the  photoexcited  ions 
and  are  included  in  Table  1. 

Two  trends  can  be  seen  in  these  results.  First,  the  photodissociation 
lifetimes  are  in  each  case  significantly  shorter  than  the  corresponding  meta¬ 
stable  lifetime.  Second,  the  lifetimes  increase  with  increasing  molecular 
complexity.  Both  of  these  characteristics  may  be  rationalized  by  invoking 
several  features  of  the  well-known  RRKM  theory  of  unimolecular  decomposition, 
which  has  proven  to  be  applicable  in  MPD.  Specifically,  the  relationship 
between  the  photodissociation  lifetime  and  the  metastable  lifetime  for  a  given 
ion  reflects  the  amount  of  excess  energy  present  in  each  case.  The  observed 
ordering  of  the  lifetimes  implies  that  the  average  E  (*  Etot-al  “  Edissoc^ 
of  the  metastable  ions  is  less  than  the  average  of  ions  that  have  absorbed 
infrared  radiation.  As  a  consequence,  one  would  expect  to  measure  a  corre¬ 
spondingly  smaller  kinetic  energy  release  in  the  metastable  dissociation 
process  as  compared  with  the  photodissociation  process.  This  behavior  has  in 
fact,  been  observed  for  the  ions.  The  variation  of  the  lifetime  with 

molecular  complexity  is  consistent  with  the  RRKM  view  of  energy  partitioning 
among  all  vibrational  modes.  In  this  view,  the  total  internal  energy  is  dis¬ 
tributed  randomly  among  all  the  vibrational  modes,  and  the  molecule  will  only 
dissociate  when  enough  energy  becomes  localized  in  the  proper  nuclear 
motion.  In  principle,  the  lowest  energy  channel  will  always  provide  the  first 
opportunity.  The  larger  the  molecule,  the  longer  will  be  the  lifetime, 
provided  the  system  behaves  ergodically. 

These  results  have  provided  the  first  real  information  on  the  nature  of 
infrared  absorption  processes  in  the  quasi-continuum  and  the  subsequent  disso¬ 
ciation  of  the  molecular  ions.  Several  important  trends  have  thus  far  been 
identified  from  these  results  on  the  absorption  spectra,  fragment  kinetic 
energy  release,  and  dissociative  lifetimes.  This  work  has  also  provided 
information  on  energy  redistribution  in  highly  excited  ions,  variations  in  the 
absorption  cross  section  and  dissociative  lifetime  as  a  function  of  molecular 
complexity,  and  the  identification  of  IR  active  vibrational  modes. 
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B.  Photodetachment 

In  addition  to  the  photodissociation  work  described  above,  this  ONR 
contract  also  supported  a  preliminary  experimental  investigation  of  the  photo¬ 
detachment  of  the  highly  excited  negative  ion  of  He.  Using  a  different  atomic 
beam  apparatus,  we  investigated  both  the  wavelength  dependence  and  the 
absolute  magnitude  of  the  He-  photodetachment  cross  section.  A  complete 
report  of  this  work  is  given  in  Appendices  C  and  D. 

The  results  of  this  photodetachment  study  are  clearly  preliminary;  how¬ 
ever,  they  have  already  stimulated  renewed  theoretical  interest  in  this  impor¬ 
tant  metastable  negative  ion.  Because  He-  is  produced  in  a  variety  of  excited 
laser  media,  discharges,  and  other  energy  transfer/ionization  media  and 
probably  in  other  stellar  atmospheres,  these  initial  studies  should  prove 
useful  in  furthering  the  understanding  of  these  areas. 
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APPENDIX  A 


Infrared  photodissociation  of  polyatomic  ions 

M.  J.  Coggiola,  P.  C.  Cosby,  and  J.  R.  Peterson 

Molecular  Pfcys ia  Laboratory,  SKI  International  Menlo  Park.  Caitfonua  94025 
(Received  13  January  1980:  socoptod  27  February  1910) 

Dieencinioc  of  CF,I*.  CF,Br*.  and  CF,a*  ion*  reeultmj  from  the  abaorpaon  of  a  suifk  10  n  IR  photon 
by  htfhly  vrbraoonally  excited  parent  tone  under  coilisioo-free  conditions  u  reported.  In  each  cant,  the 
only  obeervad  product*  are  CF,’  +  X.  Dnaoctauon  yields  as  a  fiincuoa  at  photon  wavelength  for  CF,I* 
and  CF,Br*  paait  sharply  at  -930  cm"'  corresponding  to  a  strong  afaaorpboe  frequency  in  the 
too  Product  ton  translational  energy  distributions  arc  measured  for  CF,r*  and  CF,Br*  photodiaanciarion, 
and  mdiraie  that  the  energy  release  a  <Av.  The  observed  dissociation  can  be  taterpratad  as  resuhtag 
from  the  uwmolecular  decoin  post  non  at  ions,  initially  formed  with  a  total  energy  within  900-1000 
cm of  the  disocianon  limit,  that  absorb  a  single  infrared  photon.  Thus,  this  process  corresponds  dtractly 
to  the  final  step  in  IR  multiphoton  dissociation  of  polyatomic  tons. 


I.  INTRODUCTION 

In  the  last  five  years  substantial  theoretical  and  ex¬ 
perimental  efforts  have  been  devoted  to  studies  of  in¬ 
frared  multiphoton  excitation  (MPE)  and  dissociation 
(MPD)  of  polyatomic  molecules.  Out  of  this  work,  a 
qualitative  model  has  evolved  which  gives  a  reasonable 
explanation  for  the  general  characteristics  of  the  ex¬ 
perimental  results  but  which  is  largely  semiempirical 
with  some  aspects  not  clearly  understood.  Reviews  of 
both  the  experimental  work  and  the  model  have  been 
given  by  Bloembergen  and  Yablonovitch1  and  by  Schulz 
el  al. 1  It  is  usually  assumed  that  both  MPE  and  MPD 
in  polyatomic  molecules  can  be  characterized  by  two 
different  stages.  First  is  the  stepwise  absorption  of 
perhaps  a  few  photons  which  excite  successive  discrete 
levels  of  a  single  vibrational  mode.  Any  red  shifts  due 
to  vibrational  anharmonicities  can  be  accommodated  by 
power  broadening.  However,  after  some  number  (which 
depends  on  the  molecule)  of  photons  have  been  absorbed, 
the  density  of  states  of  the  other  initially  unexcited  nor¬ 
mal  modes  at  this  total  energy  Is  assumed  to  form  a 
quasicontinuum  (QC)  and  any  further  energy  absorbed 
is  rapidly  redistributed  among  these  other  modes. 

This  energy  redistribution  among  all  other  modes  is 
found  to  be  statistical,  and  when  a  sufficient  number 
of  photons  have  been  absorbed,  such  that  the  total  In¬ 
ternal  energy  exceeds  the  dissociation  limit,  the  mole¬ 
cule  may  undergo  unimolecular  decomposition.  This 
last  step  can  be  described  by  the  RRKM  theory1  of  uni- 
molecular  reactions. 

One  of  the  open  questions  of  this  model  concerns  the 
characteristics  (strength  and  frequency  dependence)  of 
the  absorption  spectrum  of  highly  vibratlonally  excited 
molecules.  From  the  results  of  some  MPD  experi¬ 
ments,  and  from  theoretical  arguments  it  appears  that 
the  absorption  profile  in  this  regime  is  considerably 
broader  than  for  the  first  few  discrete  absorptions, 
and  It  is  nonzero  at  frequencies  far  from  the  original 
resonance.  However,  it  has  also  been  argued1  that  some 
resonance  characteristics  may  still  exist  even  at  high 
levels  of  excitation  where  the  density  of  states  is  ex¬ 
ceedingly  large. 

Our  experiment  was  originally  designed  to  make 
use  of  the  excellent  sub-Doppler  resolution  obtainable 
in  our  coaxial  laser-ion  beam  spectrometer*  to  deter¬ 


mine  details  of  the  first  few  IR  (discrete)  absorptions 
in  MPE  of  molecular  Ions.  However,  these  studies  were 
precluded  by  a  highly  vibratlonally  excited  parent  Ion 
beam  which  has  instead  made  possible  some  unique 
studies  of  the  photoabaorption  spectra  of  such  ions. 

Recently,  infrared  multiphoton  dissociation  (MPD)  of 
molecular  Ions  has  been  studied  in  ICR  spectrometers 
utilizing  both  a  low  power  cw  0O2  laser1  and  a  high 
power  pulsed  TEA  C02  laser, '  as  well  as  In  a  crossed 
beam  experiment  with  a  pulsed  laser. T  In  these  experi¬ 
ments,  the  MPD  of  several  polyatomic  molecular  Ions 
was  observed  under  essentially  collision  free  conditions. 
In  the  first  case,  ions  were  continuously  irradiated  tor 
periods  of  up  to  1  sec  in  an  ICR  ion  trap  with  the  yield 
of  product  ions  determined  directly.  For  some  ions, 
the  yield  was  found  to  be  a  sensitive  function  of  the  ex¬ 
citation  wavelength.  For  example,  the  yield  of  C2FJ 
from  the  MPD  of  perfluoropropylene  (C2F*4)  as  a  func¬ 
tion  of  laser  wavelength  matched  very  closely  the  in¬ 
frared  absorption  profile  of  the  C-F  stretch  In  the  neu¬ 
tral  CtF|  molecule. 

In  the  present  study,  we  have  observed  the  photodis¬ 
sociation  of  CF»T,  CFjBr*.  and  CFSC1*  in  a  fast  ion 
beam  using  a  low  power  cw  C02  laser.  The  dissocia¬ 
tion  appears  to  result  from  a  single  photon  absorption 
by  highly  vibratlonally  excited  ions  that  exist  in  the  beam 
The  results  can  be  interpreted  in  terms  of  these  ab¬ 
sorptions  corresponding  to  the  final  step  in  a  low  power 
IR  multiphoton  dissociation  process.  In  this  respect, 
the  results  offer  unique  information  on  MPD  processes. 
The  single  photon  mechanism  is  supported  by  the  linear 
power  dependence  of  the  dissociation  signal,  as  well  as 
by  a  consideration  of  the  laser  flux  and  interaction  time. 
The  identities  of  the  fragment  ions  were  determined  along 
with  their  relative  yield  as  a  function  of  laser  wave¬ 
length.  In  addition,  the  center  of  mass  recoil  energy 
distributions  of  the  photofragments  were  directly  deter¬ 
mined  for  the  CFjT  and  CFsBr*  cases.  The  transla¬ 
tional  energy  release  is  found  to  be  <«■  ku  and  is  consis¬ 
tent  with  the  single  photon  dissociation  mechanism. 

it.  EXPERIMENTAL 

The  laser -ion  coaxial  beams  spectrometer  used  in 
this  work  has  been  described  in  detail  elsewhere, 4  and 
has  been  used  extensively  for  photofragment  spectros- 
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copy  of  diatomic  ions. *  Briefly,  ions  formed  in  the 
pure  parent  gas  by  electron  impact  at  100  eV  are  ex¬ 
tracted  and  accelerated  to  a  final  kinetic  energy  of 
2.  5  keV .  The  production  of  ions  with  high  levels  of 
internal  excitation  is  well  known  in  electron  Impact 
sources  of  the  type  used  here. 1  An  indication  of  this 
degree  of  excitation  is  seen  in  the  collision-induced 
dissociation  (CID)  signal,  which  is  observed  in  the  dif¬ 
ferentially  pumped  interaction  region  at  pressures  of 
5  x  10'*  Torr.  The  mass  selected  ion  beam  was  elec¬ 
trostatically  deflected  by  90°  and  merged  with  the  un¬ 
focused  output  from  a  line  tunable  Advanced  Kinetics 
MIRL-50  CO,  laser.  The  laser  luht  was  collimated 
to  3  mm  diameter  and  overlapped  tho  ion  beam  for  a 
distance  of  ~  33  cm  before  the  fragment  ions  were  de¬ 
flected  90°  by  an  electric  field.  The  transmitted  laaer 
power  was  typically  0.  5-1.  0  W  at  P(  16)  in  a  TEM*, 
mode,  although  the  power  in  the  Interaction  region  was 
likely  2-3  times  higher.  The  laser  wavelength  was 
determined  using  a  grating  spectrum  analyzer.  The 
kinetic  energies  of  fragment  ions  were  determined  using 
a  180°  hemispherical  electrostatic  analyzer.  From  the 
measured  laboratory  kinetic  energy  distribution  of  the 
product  ions,  it  is  possible  to  deduce  the  center  of  mass 
energy  release  that  accompanies  the  photodissociation 
process. 4  In  addition,  this  energy  analysis  serves  to 
identify  uniquely  the  masses  of  the  fragment  ions.  Since 
the  fragment  ions  produced  by  photodissociation  were 


LASER  FREQUENCY  lem-') 


FIG.  1.  Frequency  dependence  of  the  CF^  fragment  yield  from 
C  F,,  *  corrected  for  laser  power  varlatione.  Daehed  line  lndl- 
catee  CO,  laaer  tuning  gaps. 


transmitted  laser  rower  IW) 


FIG.  2.  Power  dependence  of  CF, I*  photodissociation  at  942.4 
cm'1.  Pi 22). 


the  same  as  those  produced  by  C1D,  it  was  necessary  to 
modulate  the  photon  beam  and  to  use  single  particle 
lock-in  detection  methods  to  discriminate  against  this 
background. 

The  interaction  region  of  the  apparatus  includes  an 
electrostatic  cage,  which  can  be  used  to  perform  high 
resolution  Doppler-tuned  experiments.  For  this  type 
of  measurement,  the  single  mode  output  frequency  of 
the  laser  was  actively  stabilized  to  the  peak  of  one 
CO,  line  gain  profile.  By  sweeping  the  cage  voltage 
t  250  V  about  ground  potential,  a  frequency  shift  of 
±  145  MHz  could  be  produced  in  CFjl*.  The  estimated 
overall  width  of  the  laser  line  and  the  residual  Doppler 
width  of  the  CFjl*  beam  was  *  1  MHz. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  yield  of  CFJ  fragment  ions  pro¬ 
duced  by  the  photodissociation  of  CFjF  parent  ions  as  a 
function  of  the  CO,  laser  frequency.  The  fragment  ion 
Intensities  have  been  corrected  for  the  transmitted  laser 
power  at  each  wavelength.  The  data  clearly  show  a 
strong  maximum  in  the  photodissociation  probability 
centered  at  about  947  cm"',  with  a  FWHM  of  ~  30  cm’1, 

In  addition,  a  distinct  but  smaller  absorption  feature 
is  reproducibly  found  at  about  1080  cm*1.  Between  the 
absorption  maxima,  the  fragment  ion  yield  drops  to 
about  1{>  of  its  peak  value.  The  power  dependence  of 
the  CF3  photofragment  ion  signal  near  the  peak  ab¬ 
sorption  is  shown  in  Fig.  2,  for  transmitted  powers 
between  0.  05  and  0.  52  W  at  942  cm*'  (P(22)  line).  Over 
this  range  of  laser  power,  no  significant  deviation  from 
a  linear  dependence  was  observed.  Additional  studies 
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made  using  a  weakly  focused  laser  beam  extended  this 
linear  measurement  to  ~3  W  transmitted  power.  Fig¬ 
ure  3  presents  the  CFJ  photofragment  recoil  energy 
distribution  measured  with  a  photon  wavelength  of 
975  cm'1  [£(20)  line].  Also  shown  for  comparison  in 
Fig.  3  is  the  recoil  energy  distribution  for  CID  frag¬ 
ments.  The  angular  discrimination  of  the  apparatus4 
leads  to  the  preferential  detection  of  ions  with  small 
recoil  energies.  However,  over  the  relatively  small 
range  of  energies  measured  here  (0-20  meV),  the  cor¬ 
rection  is  small  and  increases  the  FWHM  of  the  dis¬ 
tribution  by  at  most  10%-20fc.  Therefore,  this  cor¬ 
rection  has  not  been  applied  to  the  data  in  Fig.  3.  Thus, 
it  is  seen  that  under  the  present  conditions,  photofrag¬ 
ments  are  produced  with  an  average  of  only  4.  4  meV  of 
translational  energy  and  a  maximum  of  -  100  meV.  In 
contrast,  the  CFJ  fragments  produced  by  CID  have  a 
significantly  narrower  energy  distribution  with  an  aver¬ 
age  energy  release  of  1.  2  meV.  The  CFj  photofragment 
kinetic  energy  distribution  was  measured  using  several 
other  C02  laser  lines  on  both  sides  of  the  main  absorp¬ 
tion  feature,  and  were  quantitatively  equivalent  to  that 
shown  in  Fig.  3. 

The  effect  of  source  electron  energy  on  the  CFjI* 
photofragment  yield  at  the  absorption  peak  was  also 
studied.  It  was  possible  to  reduce  the  nominal  elec¬ 
tron  energy  to  within  a  few  volts  of  the  10.  23  eV  I.  P. 
of  CFjI10  and  still  produce  useable  CFjI*  beam  cur- 


TRANSLATlONAL  ENERGY  («V> 

FIG.  3.  Center  of  mass  kinetic  energy  release  for  CFJ  frag¬ 
ments  produced  from  CF,I*. 


FIG.  4.  Frequency  dependence  of  CFJ  fragment  yield  from 
CFjBr*  corrected  for  laser  power  variations.  Dashed  line 
Indicates  CO,  laser  tuning  gaps. 


rents  (lx  10'14  A)  and  measurable  CF*3  photofragment 
count  rates.  Under  these  conditions,  the  fractional 
yield  of  CFJ  photofragments  was  found  to  be  independent 
of  electron  impact  energies  between  100  eV  and  near 
threshold. 

Figure  4  shows  the  wavelength  dependence  for  CF\ 
produced  from  the  infrared  photodissociation  of  CF3Br* 
ions.  The  mass  resolution  of  the  apparatus  allowed  the 
nBr  and  *'Br  isotopic  species  to  be  studied  separately. 
To  within  the  experimental  uncertainty,  the  results 
were  the  same.  The  wavelength  dependence  of  the 
CFjBr*  photodissociation  shows  a  strong  maximum 
centered  at  about  953  cm*1  with  a  FWHM  of  ~  30  cm*1. 
This  absorption  peak  is  very  similar  to  the  major  CF9F 
peak,  both  in  location  and  width.  Here,  however,  no 
additional  absorption  feature  is  found  in  the  1050-1100 
cm*1  region.  We  note,  however,  that  away  from  the  ab¬ 
sorption  maximum,  the  yield  remain  nearly  constant 
at  -  1 %  of  the  peak  value.  The  power  dependence  was 
again  found  to  be  linear  between  0.  04  and  0.  5  W  trans¬ 
mitted  power.  The  measured  CF}  photofragment  kinetic 
energy  distribution  has  a  width  of  3.8  meV  with  a  shape 
qualitatively  the  same  as  that  found  in  the  CF3I*  case. 
The  effective  photodissociation  cross  section  of  CFjBr* 
was  approximately  90&  of  that  measured  for  CFjI*  under 
similar  conditions. 

A  brief  study  was  also  made  of  the  infrared  photodis- 
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TABLE  I.  CFjX*  bond  dissociation  ener¬ 
gies.1 


Dissociation 

channel 

Endoergicity  leVl 

X*Ct  X » Br  X*t 

CFjX*—  CFj  -  X 

0.6 

0.  5 

1.3 

CF,-X* 

4.  1 

2.6 

2.5 

cfj-  fx 

4.1 

3.9 

4.3 

CF,*  FX* 

5.0 

■4.  0 

3.  1 

1  nets  from  Ref.  11. 


sociation  of  CFjCl*  ions.  Production  of  CFJ  photofrag- 
ments  was  observed  at  photon  energies  between  93 1  — 
1048  cm'1  with  an  apparent  cross  section  of  4  t  2*  10'21 
cm1.  In  contrast  to  CFjl*  and  CFjBr*,  whose  photodis¬ 
sociation  cross  sections  vary  by  nearly  2  orders  of 
magnitude  over  this  photon  energy  range,  variations  in 
the  CFjCl’  cross  section  are  less  than  a  factor  of  2  and 
were,  in  all  cases,  within  the  standard  deviation  of  the 
measurements.  Because  of  very  small  CFjCl*  beam 
currents  (1%  of  CFjl*),  no  laser  power  dependence  or 
photofragment  kinetic  energy  spectra  were  taken  of 
this  ion. 

For  each  ion  studied,  the  observed  photodissociation 
process  yields  only  CFj  ions,  corresponding  to 


CFjX*  +  hi/  —  CFj-t-  X,  (1) 

X  =  C1,  Br,  I. 

On  the  basis  of  the  detection  limits,  we  conclude  that 
alternative  channels,  such  as 

CFjX*  +  hi/  — CFj  +  X*  (2) 

-CFJ  +  FX  (3) 

-CFj  +■  FX*,  (4) 


must  contribute  less  than  1%  to  the  total  photodissocia- 
tion  cross  section.  As  shown  in  Table  I,  the  observed 
dissociation  channel  corresponds  in  each  case  to  the 
least  endothermic  process. 11 

Although  it  may  not  be  possible  to  establish  the  exact 
photodissociation  mechanism  from  this  work  alone,  sev¬ 
eral  major  features  are  evident  and  point  toward  some 
interesting  conclusions.  Under  the  present  conditions, 
ions  remain  in  the  interaction  region  for  6-8  Msec  where 
the  typical  photon  flux  is  1-5  x  1021  sec'1  cm'*.  For  any 
reasonable  infrared  absorption  cross  section  (o<  IT17 
cm2),  the  probability  that  an  ion  will  absorb  more  than 
a  single  infrared  photon  is  very  small.  For  o  =  KT17  cm2 
the  probability  of  a  single  absorption  is  ~  0.  2,  whereas 
the  two -photon  absorption  probability  is  more  than  1 
order  of  magnitude  less.  It  is  thus  reasonable  to  con¬ 
clude  that  the  observed  dissociation  arises  from  a 
single  photon  absorption  process,  with  the  implication 
that  only  those  ions  with  a  total  internal  energy  con¬ 
tent  that  is  within  hv  (0.  12  eV)  of  the  dissociation  limit 
can  contribute  to  the  observed  process.  The  measured 
linear  power  dependence  is  consistent  with  a  single 
photon  absorption.  The  small  kinetic  energy  release 


observed  here  («  hv)  is  also  supportive  of  a  single 
photon  mechanism  because  in  pulsed  laser  multiphoton 
studies  (at  fluxes  of  “  102’  sec'1  cm'2)  of  the  correspond¬ 
ing  CFjX  neutral  species12  the  average  energy  release 
is  found  to  be  >  hv. 

In  view  of  the  proposed  single  photon  dissociation 
mechanism,  the  strong  wavelength  dependence  shown 
in  Figs.  1  and  3  is  at  first  unexpected  because  photons 
of  any  wavelength  in  the  1000  cm'1  region  should  be 
energetically  capable  of  producing  dissociation.  This 
resonant  behavior  may  be  explained,  however,  if  one 
assumes  that  the  total  internal  energy  that  must  be 
present  in  the  ions  before  absorption  is  statistically 
partitioned  among  the  nine  fundamental  vibrational 
modes,  as  is  generally  assumed  in  models  of  unimolecu- 
lar  dissociation2  and  MPD. 1,12  In  that  case,  each  mode 
would,  on  the  average,  contain  less  than  one  quantum 
of  excitation.  The  absorption  process  would  then  cor¬ 
respond  approximately  to  the  0-1  or  1-2  transition 
of  one  of  the  fundamental  modes  of  the  CFjX*  molecular 
ions.  In  the  neutral  CFjl  molecule,  the  mode  closest 
to  the  observed  947  cm'1  absorption  in  the  CFjl*  ion  is 
the  C-F  symmetric  stretch  v,  mode,  which  occurs  at 
approximately  1073  cm'1. 11  Assigning  the  947  cm'1  fea¬ 
ture  to  the  vt  absorption  mode  of  the  ion  would  imply 
that  ionization  leads  to  a  weakening  of  the  C  -F  bonds 
and  hence  to  a  decrease  in  the  bond -stretching  constant. 
Strong  support  for  this  behavior  can  be  found  from  a  far 
ultraviolet  absorption  study  of  CFjl  where  the  vibra¬ 
tional  spacings  in  at  least  one  member  of  a  Rydberg 
series  leading  to  the  ion  were  measured. 12  It  was 
found  that  the  v,  mode  vibrational  spacing  in  the  7 so 
Rydberg  state  (8.  76  eV)  was  ~  950  cm'1.  It  is  not  un¬ 
reasonable  to  assume  that  such  high  lying  Rydberg  states 
are  closely  related  to  the  corresponding  ion,  which  is 
formed  by  removal  of  the  Rydberg  electron.  It  there¬ 
fore  appears  likely  that  the  main  feature  observed  in 
Fig.  1  at  947  cm'1  is  due  to  the  vt  C-F  stretch  absorp¬ 
tion  in  CFjl*. 

Following  absorption,  some  ions  will  contain  sufficient 
total  energy  to  dissociate  and  hence  will  undergo  uni- 
molecular  decomposition  with  a  characteristic  rate. 

As  long  as  this  characteristic  lifetime  (=  1/rate)  is 
shorter  than  the  average  ion  transit  time  between  the 
point  of  absorption  and  the  deflection  of  the  fragment 
ions  before  detection  (~  3  Msec),  the  overall  process 
will  appear  to  be  simple  photodissociation  [  Eq.  (1)]. 

It  was  possible  to  determine  an  "apparent”  cross 
section  for  the  photodissociation  of  CFjl*  by  measuring 
both  the  current  of  CFJ  fragments  and  the  CFjT  parent 
ion  beam  at  the  exit  of  the  interaction  region.  A  major 
uncertainty  in  determining  the  cross  section  was  in  the 
estimation  of  the  actual  laser  power  density  in  the 
overlap  region.  Lacking  any  direct  observation,  we 
have  assumed  that  this  power  density  was  twice  the 
measured  power  transmitted  through  the  apparatus. 

The  resulting  apparent  cross  section  (a*,)  determined 
at  the  absorption  peak  is  3.  7x  KT22  cm2.  Note  that 
this  cross  section  is  an  average  over  all  of  the  internal 
energy  levels  populated  in  the  beam.  If,  however,  only 
a  small  fraction  of  the  beam  molecules  contain  sufficient 
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internal  energies  to  be  dissociated  by  a  single  photon, 
then  the  cross  section  would  be  correspondingly  larger. 

Considering  this  problem  from  a  different  viewpoint, 
if  the  photoabsorption  cross  section  of  those  molecules 
whose  internal  energies  lie  within  hv  of  the  dissociation 
limit  were  known,  then  we  could  determine  the  percent¬ 
age  of  the  beam  population  that  they  constitute.  It  is 
reasonable  to  assume  that  the  oscillator  strength  for 
the  C-F  stretch  mode  in  the  ion  is  roughly  the  same  as 
for  the  neutral,  and  that  the  shape  of  the  absorption 
cross  section  we  observe  represents  the  envelope  of  the 
P,  Q,  and  R  branches,  smoothed  out  by  the  excitation 
and  broadened  by  the  effects  of  the  redistribution  rate  in 
the  quasicontinuum.  We  can  then  use  the  absorption 
spectra  and  effective  absorption  strengths  observed  in 
the  neutral  CFSI  to  determine  the  transition  rate,  A,  for 
the  C-F  stretch  absorption  in  CFsr,  which  can  then  be 
used  to  obtain  the  peak  absorption  cross  sections  as 
o=XtA/8itcAn.  From  the  data  of  Plyler  and  Acquista,  18 
we  estimate  A  =  220  sec"1,  and  from  the  data  of  Jones 
and  Kohler, 11  we  estimate  A  =  150  sec"1.  We  thus  chose 
A=  180  sec"1,  and  using  our  observed  At/  of  30  cm"1, 
we  find  omkx- 9  x  10"18  cm2.  This  value,  compared  with 
our  observed  crm  of  3.  7x  10" 20  cm2,  implies  that  about 
0. 4%  of  the  CFar  ions  in  the  interaction  region  contain 
total  internal  energy  within  ftv  of  the  dissociation  limit. 

It  is  worth  noting  that  these  ions  have  traveled  for 
about  25  nsec  after  leaving  the  ion  source  before  reach¬ 
ing  the  interaction  region.  Although  we  observed  no 
spontaneous  dissociation  due  to  metastable  CFjX"  mo¬ 
lecular  ions  in  the  beam  that  reaches  the  interaction 
region,  we  have  observed  such  decay  in  larger  ions, 
whose  unimolecular  dissociation  rates  are  slower. 5 
Thus,  some  small  fraction  of  all  ions  produced  in  our 
source  probably  contain  energies  above  the  dissociation 
limit  and  hence  can  dissociate  before  reaching  the  inter¬ 
action  region  depending  on  their  decay  rates.  However, 
the  only  mechanism  for  energy  loss  below  the  dissocia¬ 
tion  limit  is  radiation,  which  is  very  slow  compared 
with  the  observation  time  in  this  experiment. 

Considering  the  magnitude  of  the  t/t  frequency  shift 
between  the  neutral  CFSI  and  the  ion,  the  smaller  sec¬ 
ondary  feature  seen  at  ~  1080  cm'1  in  Fig.  1  may  be 
tentatively  assigned  as  the  v4  antisymmetric  C-F  stretch 
of  CFjT  [jv4(CF3I)  =  1185  cm"1].  No  support  for  this 
assignment  can  be  obtained  from  the  far  UV  absorption 
studies,  however,  because  the  v4  mode  was  not  ob¬ 
served.  The  neutral  CF3Br  has  a  v,  frequency  of  1082 
cm"1,  and  so  it  is  not  unexpected  that  the  mode  of  the 
ion  will  also  shift  to  the  950  cm"1  region.  The  strong 
peak  found  in  Fig.  4  can  therefore  be  associated  with 
the  l>i  absorption  of  CF3Br’.  The  v4  mode  of  CF3Br 
at  1207  cm"1  might  also  have  been  expected  to  shift  to 
the  1080  cm"1  region  as  in  the  CF3T  case.  However, 
a  larger  (or  smaller)  frequency  shift  between  the  neu¬ 
tral  and  the  ior.  or  a  narrow'absorption  feature  that 
falls  within  one  of  the  tuning  gaps  of  the  C02  laser 
branches  could  explain  its  absence. 

As  noted  earlier,  oOT  for  CF3C1*  does  not  change  ap¬ 
preciably  with  wavelength  over  the  930-1090  cm"1  tun¬ 
ing  range  of  the  C03  laser.  Here,  the  vi  mode  of  the 


neutral  is  1106  cm"1  so  that  the  ion  absorption  is  ex¬ 
pected  to  occur  within  this  range.  Of  course,  the  fre¬ 
quency  shift  between  the  neutral  and  the  ion  may  be 
larger  (or  smaller)  than  those  observed  for  CFjT  or 
CFjBr*,  so  that  the  CF3Cl*  absorption  maximum  falls 
outside  the  limited  tuning  range  of  the  laser.  The  value 
we  measure  for  om  of  CFjCl*,  however,  is  a  factor  of 
10  larger  than  those  we  measure  for  the  other  halides 
when  the  laser  is  tuned  away  from  their  absorption 
maxima.  Nevertheless,  the  actual  photodissociation 
cross  section  may  be  comparable  to  those  of  CFsr  and 
CF3Br*  if  a  significantly  larger  fraction  of  the  CF3C1* 
beam  participates  in  the  photodissociation,  that  is,  if  it 
has  a  total  internal  energy  within  one  photon  of  the  dis¬ 
sociation  limit.  There  is  reason  to  suspect  that  this 
may  be  the  case. 

The  appearance  potentials  of  CFjX*  and  CFJ  have  been 
reported10  for  both  CFSC1  and  CFjI.  The  difference  be¬ 
tween  the  appearance  potentials  of  the  two  product  ions 
gives  a  lower  limit  to  the  internal  energy  with  which  the 
CFjX*  ion  is  formed  at  its  threshold,  relative  to  the 
CFj-X  dissociation  limit.  For  CF31,  this  difference  is 
0.  56  eV ,  which  contrasts  with  the  threshold  formation  ’• 
of  CFSC1*  only  0. 14  eV  below  its  dissociation  limit. 

It  is  reasonable  to  expect  that  at  the  high  electron  im¬ 
pact  energies  used  in  the  present  experiment,  the 
CFjCT  will  be  produced  with  the  same  or  higher  degree 
of  internal  excitation.  This  is  also  supported  by  our 
observation  that  the  current  of  CFjCl*  ions  was  nearly 
2  orders  of  magnitude  smaller  than  either  CFjT  or 
CFjBr*.  This  implies  that  a  significantly  larger  fraction 
of  CFjCl*  ions  are  formed  with  total  internal  energies 
greater  than  the  dissociation  energy  and  are  thus  re¬ 
moved  from  the  beam  by  unimolecular  decomposition. 
One  would  also  expect  that  of  the  ions  which  survive  the 
trip  from  the  source  to  the  photon  interaction  region, 
a  larger  fraction  will  have  internal  energies  within 
one  photon  of  the  dissociation  limit,  thus  contributing 
to  their  larger  apparent  photodissociation  cross  section. 

A  preliminary  survey  has  shown  that  a  variety  of  mo¬ 
lecular  ions  can  be  photodissociated  in  our  apparatus  us¬ 
ing  only  a  single  infrared  photon.  For  example,  CH3F", 
CHjF*,  C3F5r,  and  C3F7r  are  all  dissociated  using  the 
low  power  COj  laser.18  In  contrast,  CHsr  produced 
under  similar  conditions  to  the  CF3r  showed  no  detect¬ 
able  photodissociation  at  power  densities  up  to  40  W/cm2. 
It  thus  appears  that  a  vibrational  mode  of  the  appropri¬ 
ate  frequency  (such  as  the  vj  symmetric  stretch  in 
CF3X*)  is  necessary  to  achieve  single  IR  photon  dis¬ 
sociation.  Hence,  the  C-F  stretch  in  each  of  the  dis¬ 
sociated  ions  provides  the  required  absorption  mode 
whereas  the  corresponding  C-H  vibration  in  CH3I*  lies 
outside  the  present  frequency  range. 

The  observed  photodissociation  process  is  related  to 
the  MPD  of  both  ions  and  neutrals  in  several  respects. 

In  each  case,  the  molecule  absorbs  infrared  radiation 
to  such  an  extent  that  its  total  internal  energy  exceeds 
the  dissociation  limit  corresponding  to  the  least  endo¬ 
thermic  path.  Even  though  the  initial  excitation  energy 
in  the  ions  here  is  provided  by  the  ionization  process 
rather  than  through  multiple  IR  photon  absorption,  there 
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Is  a  direct  correspondence  between  the  single  absorp¬ 
tion  and  subsequent  dissociation.  The  present  experi¬ 
ments  are  thus  a  sensitive  probe  of  the  final  step  in 
(low  power)  MPD  of  polyatomic  molecular  ions.  In  the 
high  power  MPD  work,  the  photon  flux  and  dissociation 
rate  allow  the  energized  molecule  to  continue  absorbing 
photons  beyond  the  dissociation  threshold.  In  the  pres¬ 
ent  case,  however,  this  is  not  possible  as  the  up-pump¬ 
ing  rate  is  too  small  compared  with  the  unimolecular 
decomposition  rate.  This  situation  is  reflected  in  the 
much  smaller  recoil  energy  distribution  found  here 
relative  to  the  MPD  studies.  If  the  QC  concept  is  valid, 
the  dissociating  ions  studied  here  must  certainly  fall 
within  that  region,  nonetheless,  the  process  observed 
here  corresponds  to  absorption  by  a  specific  vibrational 
mode  as  shown  by  the  characteristic  photodissociation 
yield  with  wavelength.  It  thus  appears  that,  despite  the 
high  degree  of  excitation  and  the  large  density  of  states 
present,  the  oscillator  strength  tends  to  peak  around 
the  frequency  of  the  fundamental  molecular  vibrational 
modes  as  has  been  postulated  by  Bloembergen  and 
Yablonovitch. 1  Although  the  absorption  process  is 
mode  specific,  the  dissociation  channel  is  not,  so  that 
only  the  lowest  energy  pathway  is  observed  as  in  MPD. 
Indirect  evidence  of  this  type  of  resonant  absorption  has 
recently  been  deduced  from  the  power  dependence  of 
CH3OHF*  MPD  by  Rosenberg  et  al. 19 

Using  the  high  resolution  (~  1  MHz)  Doppler-tuning 
capability  previously  described,  the  photodissociation 
of  CFjT  was  further  investigated.  The  CFJ  photofrag¬ 
ment  yield  was  measured  over  the  full  250  MHz  tuning 
range  centered  about  several  of  the  strongly  absorbed 
laser  lines.  In  each  case,  the  yield  was  found  to  be 
essentially  constant;  that  is,  at  1  MHz  resolution,  the 
absorption  process  was  continuous.  Because  of  the 
large  range  of  initial  energy  content  in  the  absorbing 
ions,  it  is  not  unexpected  that  the  overlapping  spectra 
of  these  many  excited  species  might  lead  to  continuous 
absorption.  Additional  broadening  can  arise  from  varia¬ 
tions  in  the  vibrational  anharmonicities  of  the  highly 
excited  ions.  Such  broadening  might  also  account  for 
the  30-cra*'  wide  envelope  measured  for  CFjI'  as  com¬ 
pared  with  the  20-cnT1  width  for  the  summed  P,  W,  and 
R  branches  for  the  neutral  gas. 
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Photodissociation  of  molecular  ions  by  absorption  of  single  IR  photons 

in  the  quasi-continuum 


M.  J.  Coggiola,  P.  C.  Cosby  and  J.  R.  Peterson 
Molecular  Physics  Laboratory,  SRI  International 
Menlo  Park,  California  94025  USA 


Photodissociation  of  vibrationally  excited  CF^I*  and  CF^Br*  ions  by 
a  cw  CO^  laser  was  observed  under  conditions  in  which  only  single 
photoabsorption  could  occur.  The  data  thus  yield  information  on  the 
nature  of  absorptions  in  the  vibrational  quasi -continuum,  and  charac¬ 
terize  the  final  step  in  multiphoton  dissociation  in  the  low  power 
limit.  Strong  resonances  are  observed  in  both  cases,  and  are  ascribed 
to  the  C-F  stretch  mode. 


Stimulated  by  the  possibility  of  developing  inexpensive  methods  for 
isotope  separation  and  selectively  inducing  chemical  reactions,  considerable 
experimental  and  theoretical  efforts  have  been  directed,  in  the  last  five 
years,  to  understanding  the  processes  of  IR  multiphoton  dissociation  (MPD) 
of  molecules.  Recently,  the  experimental  emphasis  has  been  directed  to 
studies  under  collision-free  conditions  in  order  to  simplify  the  interpreta¬ 
tion  of  the  results.  The  results  of  this  research,  which  has  been  reviewed 
by  Bloembergen  and  Yablonovitch1-  and  by  Schulz  et  al.,^  have  led  to  the 
development  of  a  qualitative  model  which  lacks  much  detail  but  nevertheless 
gives  a  reasonable  description  for  the  behavior  of  many  molecules  under 
pulsed  laser  excitation.  The  model  nay  be  summarized  as  follows:  The  first 
several  quanta  are  absorbed  stepwise  in  resonance  with  one  of  the  major 
absorbing  vibrational-rotation  transitions.  Red  shifts  due  to  anharmonici- 
ties  following  the  first  absorption  are  accomodated  by  power  broadening. 

However,  after  these  few  quanta  have  been  absorbed  in  a  single  mode,  the 
existence  of  other  (N-l)  normal  modes  in  the  molecule  makes  it  possible  for 
energy  contained  in  the  initially  excited  mode  to  become  rapidly  distributed 
among  them.  It  is  now  commonly  accepted  that  in  polyatomic  molecules,  this 
redistribution  begins  to  occur  when  the  density  of  states  of  all  other  modes 
corresponding  to  that  total  energy  content  in  the  molecule,  becomes  suffi¬ 
ciently  high  to  form  a  "quasi-continuum”  (QC)  of  energy  levels.  Suppose 
this  occurs  after  n^  photons  have  been  absorbed.  Subsequent  absorptions 
occur  at  rates  and  with  wavelength  dependencies  that  characterize  the  absorp¬ 
tion  of  the  n^th  photon.  After  enough  stepwise  absorptions  in  the  QC  that 
the  total  energy  contained  in  all  modes  exceeds  the  dissociation  energy,  the 
molecule  can  undergo  unimolecular  decomposition  via  the  lowest  energy  channel. 
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This  step  can  be  described  by  RKKM  theory.  One  of  the  open  questions  raised 
by  this  model  concerns  the  exact  nature  (i.e.,  absorption  strength  and  wave¬ 
length  dependence)  of  these  absorptions  in  the  QC.  From  the  nature  of  some 
MPD  experiments  and  from  theoretical  arguments  it  appears  that  the  absorption 
profile  in  the  QC  is  considerably  broader  than  for  the  first  few  resonant 
levels,  and  in  fact  is  non-zero  at  wavelengths  far  away  from  the  original 
resonance.  However,  it  has  also  been  suggested1  that  some  resonant  charac¬ 
teristics  may  still  exist  in  the  QC. 

Our  experiment  was  originally  aimed  to  make  use  of  the  very  high  (sub- 
Doppler)  resolution  obtainable  in  our  coaxial  laser-ion  beam  apparatus4  to 
determine  the  details  of  the  first  few  ir  absorptions  in  molecules.  However, 
due  to  one  of  the  quirks  of  Mother  Nature,  these  studies  were  precluded  by  a 
vibrationally  hot  beam,  and  we  have  instead  been  able  to  make  some  unique 
studies  of  photoabsorptions  in  the  quasi-continuum.  We  find  that  strong 
resonance  characteristics  can  exist  even  high  in  the  QC  near  the  dissociation 
limit. 


The  Experiment 

The  experiment  was  carried  out  on  our  laser-ion  beam  photofragment 
spectrometer,  shown  schematically  in  Fig.  1,  with  a  CW  CO  laser  beam  inter¬ 
acting  coaxially  with  the  mass-analyzed  ion  beam  over  a  distance  of  ..bout 
33  cm.  Either  the  parent  beam  ions  or  any  photofragment  ions  formed  in  the 
interaction  region  may  be  subsequently  electrically  deflected  into  a  drift 
space  1  m  in  length,  and  into  the  entrance  aperture  of  a  180°  electrostatic 
energy  analyzer.  We  had  previously  found  that  the  molecular  ions  are  gener¬ 
ally  quite  highly  excited  in  our  beams  (the  ions  are  produced  by  an  electron 
beam  of  variable  energy,  normally  100  eV,  but  secondary  electrons  from  sur¬ 
faces  undoubtedly  broaden  the  energy  spectrum).  This  excitation  prevented 
successful  studies  of  exciting  lower  vibrational  levels  but  we  found  that  it 
permitted  photodissociation  by  the  absorption  of  single  photons.  We  had 
chosen  to  study  fluorinated  hydrocarbon  ions,  whose  neutral  parents  are  known 
to  be  strong  absorbers  of  CO2  laser  photons  in  the  C-F  stretch  mode.  It  was 
believed  that  C-F  stretch  frequencies  in  the  ion  would  be  fairly  close  to 
those  of  the  neutrals  and  thus  be  in  the  frequency  range  of  our  CO  laser. 

We  first  studied  CF^l"*"  an<1  C^3l5rt\  We  found  that  both  molecules  were 
dissociated  to  CF^+  (the  lowest  energy  channel)  with  a  probability  that  was 
linearly  dependent  on  the  laser  power  (typically  1-3  Watts  in  the  inter¬ 
action  region).  There  was  also  a  competitive  current  of  CF,  caused  by 

J  Q 

collisions  with  the  background  gas  in  the  chamber  (pressures  ~  10"°  torr) . 
This  collisionally-induced  dissociation  signal  was  eliminated  by  chopping  the 
laser  beam.  Figure  2  shows  the  laser  frequency  dependence  for  the  CFjI"1" 
photodissociation  (PD).  The  PD  probability  exhibits  a  strong  resonance 
peaked  at  about  947  cm-1  with  a  width  of  ~  30  cm"1  FWHM.  The  dependence  of 
the  peak  probability  on  laser  power  is  shown  in  Fig.  3.  Because  of  the 
short  residence  time  (6-8  psec)  of  the  ions  in  the  interaction  region  and  the 
low  laser  photon  flux  (1-5  xlO^1  cm"^  sec”'1')  there  is  a  negligible  probabil¬ 
ity  for  the  absorption  of  more  than  one  photon,  in  agreement  with  the  linear 


power  dependence.  We  therefore  conclude  that  a  small  fraction  of  the  beam 
ions  are  internally  excited  to  within  hv  (0.12  eV)  of  the  dissociation  limit. 
The  dissociation  limit  is  about  1.3  eV  for  CF^I*  and  0.5  eV  for  CF^Er"*". 

These  photodissociations  thus  occur  because  of  the  absorption  of  a  single 
photon  in  the  QC,  and  the  wavelength  dependence  is  therefore  characteristic 
of  such  absorptions.  This  experiment  is  the  first  direct  observation  of 
absorptions  in  the  QC.  ^ 

In  the  neutral  CF3I  molecule,  the  mode  closest  to  947  cm  is  the  C-F 
stretch  mode  at  about  1073  cm"1,  thus  an  assignment  of  to  the  resonance 
in  CF3l+  would  imply  a  10X  weakening  of  the  C-F  band  in  the  ion.  Strong 
support  for  this  assignment  is  found  in  a  far  uv  absorption  study  of  CF3I, 
where  the  vibrational  spacings  in  at  least  one  member  of  a  Rydberg  series 
leading  to  the  ion  were  measured,  and  the  v^  mode  in  the  7s?  state  was  found 
at  ~  950  cm"1. 

We  note  in  Fig.  2  that  toward  higher  frequencies  the  cross  section  drops 
to  IX  of  the  peak  value,  and  then  shows  evidence  of  a  second  peak  above 
1075  cm"1.  * 

The  PD  spectrum  for  CF^Br  demonstrated  a  similar  strong  peak  at 
~  953  cm"1  (FWHM  ~  30  cm"1).  It  also  dropped  to  ~  17.  of  the  peak  value  at 
higher  frequencies  but  did  not  show  a  second  increase  in  the  observed  frequen 
cy  range  (v£l090  cm"1).  See  Fig.  4. 

We  conclude  that  photoabsorptions  in  the  vibrational  quasi -continuum  of 
CF3I  and  CF^Br  show  strong  resonances  characteristic  of  frequencies  close 
to  the  vi  mode  of  the  ground  state.  Furthermore,  the  widths  are  not  much 
larger  (5-10  cm"1)  than  the  envelope  of  the  sunned  P,  Q,  and  R  branches  of 
the  ground  state.  We  therefore  conclude  that  the  peak  absorption  cross  sec¬ 
tion  is  not  much  smaller  than  that  of  the  ground  state  absorption. 
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Absolute  pbotodetachment  cron  lections  for  He'  *P*  have  been  obtained  at  discrete  photon  energies  between  0.12 
and  4.0  eV  by  normalizing  the  He  pbotodetachment  products  from  a  1.3-keV  He'  beam  to  those  from 
autodetachment  over  a  known  path  length,  and  making  use  of  the  known  metastable  lifetimes.  The  cross  section 
reaches  1.2x  10"“  cm!  at  0.12  eV  (40  meV  above  threshold),  falls  to  1  x  10'”  cm!  at  4.0  eV,  and  exhibits  several 
distinct  features  associated  with  excited  He  product  states. 


t.  INTRODUCTION 

The  ls2s2/>  *P»  state  of  He'  is  an  unusual  mem¬ 
ber  of  the  class  of  core-excited  atomic  states  that 
lie  in  the  electronic  continuum  but  are  metastable 
against  both  autoejection  of  electrons  and  radia¬ 
tive  deday.  In  1955  Holdien  and  Midtdal1  showed 
theoretically  that  He'  'P  lies  energetically  below 
its  parent  l$2s  2 5S  state,  and  as  it  is  metastable 
against  autodetachment  to  the  lS0  ground  state, 
this  result  explained  the  experimental  observa¬ 
tion  of  He'  by  Hiby  in  1932.1  Holdien  and  Gelt- 
man3  later  calculated  the  binding  energy  to  be 
?33  meV  with  respect  to  23S.  It  was  subsequently 
found  to  be  80  ±2  meV  by  Brehm,  Gusinow,  and 
HaU4  who  measured  the  kinetic  energies  of  photo- 
detached  electrons.  Later  the  fine  structure 
states  of  He'  were  studied  by  Novick  and  co-work¬ 
ers,  who  measured  their  autodetachment  life¬ 
times5  and  energy  intervals.5 

This  ion  offers  an  opportunity  to  study  charac¬ 
teristics  of  doubly-excited  atoms  and  to  test  theo¬ 
retical  calculations  of  energy  levels  and  widths 
of  higher  autodetaching  states.  Numerous  detailed 
calculations  have  been  made  of  the  He'  doublet 
resonances  that  appear  in  e-He  scattering.  How¬ 
ever,  comparatively  little  work  has  been  done 
on  the  quartet  states,  many  of  which  can  likely 
be  studied  in  very  high  resolution  via  photode¬ 
tachment.  Because  of  its  low  threshold  energy 
for  detachment,  He'  also  allows  a  study  of  the 
behavior  of  the  photodetachment  cross  section 
over  a  wide  range  of  photon  wavelengths  using 
available  laser  sources. 

While  determining  the  He'  electron  binding  ener¬ 
gy,  Brehm  et  al were  also  able  to  estimate  (to 
within  a  factor  of  2)  the  photodetachment  cross 
section  at  514.5  nm.  However,  until  now  no  other 
photodetachment  measurements  have  been  report¬ 
ed.’  We  report  here  measurements  of  the  photo¬ 
detachment  cross  section  of  He"  at  a  number  of 
discrete  photon  energies  between  0. 12  and  4.0 
eV.5 


n.  EXPERIMENTAL  METHOD 

A  1300-eV  beam  of  He'  was  prepared  from  He' 
by  two  successive  electron  capture  reactions  in 
alkali  vapor ,  as  was  first  done  by  Donnally  and 
Thoeming*  using  cesium ,  and  later  by  Brehm 
et  al.'  and  Novick  et  al.'-6  using  potassium.  In 
this  work,  sodium  was  chosen  as  a  target  vapor 
because  it  has  been  shown10  that  the  He  *  +  Na 
reaction  yields  90%  He  23S  at  our  beam  energies, 
whereas  the  other  alkalies  produce  at  least  30% 

2*S.  The  latter  can  yield  only  the  doublet  states 
of  He',  which  rapidly  autodetach. 

We  used  an  existing  apparatus"  which  normally 
produces  neutral  rare-gas  metastable  atoms  by 
single  electron  capture  of  the  corresponding  ion 
in  an  alkali  vapor.  The  He*  ion  beam  is  formed 
by  direct  extraction  from  a  dc  discharge  source. 
The  beam  is  accelerated  to  its  final  kinetic  energy 
and  magnetically  mass  analyzed  before  being  fo¬ 
cused  into  a  6.  7  cm  long  differentially  pumped 
charge-exchange  cell.  Alkali  vapor  pressures 
of  about  0.  5  mtorr  are  used  to  produce  neutral 
beams  under  single-collision  conditions.  How¬ 
ever,  in  this  experiment  the  Na  vapor  pressure 
was  increased  to  -10  mtorr  where  He'  production 
was  about  0.1%  of  the  incident  He*.  In  a  separate 
vacuum  chamber,  the  He"  component  was  elec¬ 
trostatically  separated  from  He0  and  He'  as  shown 
in  Fig.  1 ,  and  was  intersected  by  a  laser  beam 
midway  along  a  field-free  drift  region.  Down¬ 
stream,  a  second  deflector  removed  residual 
ions  leaving  only  neutral  atoms  formed  from  He* 
in  the  drift  region  by  photodetachment,  autode¬ 
tachment,  or  collisional  detachment.  These  atoms 
entered  the  detector,  where  they  struck  a  stain¬ 
less  steel  surface  at  45°,  ejecting  secondary  elec¬ 
trons  which  were  accelerated  into  a  channeltron 
multiplier.  Potentials  on  an  entrance  grid,  the 
secondary  emission  surface,  and  the  channeltron 
cone  were  adjusted  to  give  optimum  collection  of 
the  secondary  electrons  while  rejecting  electrons 
that  originated  outside  the  detector.  The  multi- 
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FIG.  1.  Schematic  diagram  of  the  Interaction  region. 


plier  output  was  fed  to  appropriate  pulse  counting 
electronics.  Several  lasers  were  used  as  photon 
sources:  a  line-tunable  cw  CO,  laser ,  cw 
Nd  :  YAG,  argon  and  krypton  ion  lasers,  and  a 
pulsed  rare-gas-halide  excimer  laser  which  was 
used  alone  and  as  a  pump  for  a  dye  laser. 

The  photodetachment  of  a  uniform  ion  beam  of 
cross  sectional  area  A,  propagating  along  the  x 
axis,  and  intersected  by  a  laser  beam  propagating 
along  the  y  axis,  can  be  described  by  the  equation 

j  f  ^^-dtdydz,  »,/«.«  1  (1) 

where  cr  is  the  photodetachment  cross  section,  i, 
is  the  equivalent  current  of  photodetached  He, 
i.  is  the  incident  He'  current,  and  the  integration 
extends  over  the  time  of  interaction  and  the  spatial 
overlap  of  the  two  beams  in  the  y-z  plane. 

A  major  problem  in  obtaining  reliable  data  was 
the  evaluation  of  this  integral.  We  found  that 
consistent  results  could  only  be  obtained  by  care¬ 
ful  measurements  of  the  laser-beam  spatial  distri¬ 
bution  <fr(x ,z),  for  each  cross-section  measure¬ 
ment.  The  laser  beam  was  assumed  to  be  cylin- 
drically  symmetric  and  thus  <t>(x,  z)  could  be  ex¬ 
pressed  as  *(r).  This  distribution  was  deter¬ 
mined  by  measuring  the  laser  power  transmitted 
through  each  of  two  apertures  of  variable  radius 
r  at  the  entrance  and  exit  windows  of  the  inter¬ 
action  chamber.  Measurements  were  made  at 
six  to  eight  values  of  r  for  each  aperture  by  stop¬ 
ping  down  one  aperture  with  the  other  fully  open. 
The  data  were  satisfactorily  fitted  to  the  Gaus¬ 
sian  form 

Mr,a)  =  P{va^hv)~lexp(-r^/a^) , 

where  P  is  the  laser  power,  hv  Is  the  photon  ener¬ 
gy,  and  a  is  the  beam  radius  parameter.  As  the 
laser  beam  traversed  the  1  m  between  apertures, 
a  increased  by  10-25% .  The  value  of  a  at  the 
laser-ion  beam  intersection  was  calculated  as¬ 
suming  a  linear  change  in  a  with  distance.  Values 
of  a  varied  widely  with  laser  power  and  wave¬ 
length,  but  the  cross  sections  derived  according 


to  the  procedure  described  below  were  internally 
consistent  from  day  to  day . 

The  height  of  the  ion  beam  was  defined  by  a  1.5- 
mm  slit  at  the  entrance  to  the  final  deflector. 

This  slit  was  wide  enough  (8  mm)  to  accept  the  full 
width  of  the  -3 -mm  diameter  ion  beam  parallel 
to  the  laser  axis.  For  an  ion  beam  of  velocity 
v  and  height  26,  Eq.  (1)  becomes 

[/*7^rexp(“^  aS,]fdz-  (2> 

-  jj-  erf(-)  .  (3) 

p hv  2b  \a  / 

A  noteworthy  aspect  of  these  experiments  was 
the  use  of  the  metastability  of  He'  and  the  known 
lifetimes  of  the  J=  2,  f ,  and  |  substates  to  obtain 
absolute  cross  sections  without  determining  the 
detector  sensitivity.  This  was  accomplished  by 
normalizing  the  signal  produced  by  photodetached 
neutrals  to  the  steady  background  signal  resulting 
from  autodetachment  (?  70%)  and  collisional  de¬ 
tachment  (&30%,).  The  background  signal  i,  is 
described  by 

it/i.=  (R,  +  kcpU 

~(Rt  +  kcp)d/ v,  «',/ i_«  1  (4a) 

where  Rt  and  kcp  are  ihe  autodetachment  and  col¬ 
lisional  detachment  rates,  p  is  the  pressure,  and 
d  is  the  distance  between  the  two  deflectors  that 
define  the  ion  drift  path  (see  Fig.  1).  The  col¬ 
lisional  detachment  rate  constant  kc  was  deter¬ 
mined  relative  to  Rt  from  the  slope  m  of  a  plot  of 
background  signal  versus  pressure. 11  The  pres¬ 
sure  was  altered  by  throttling  the  gate  valve  on  the 
interaction  chamber  diffusion  pump.  Thus, 

it/i.  =  Rt(l  +  mp)d/v  .  (4b) 

The  three  He'  sublevels,  4P,/2,  and 

4PW„  autodetach  with  lifetimes  of  500*200,  10 
±2,  and  16*4  nsec,  respectively.5  Because  the 
total  fine  structure  splittings  are  less  than  8  GHz 
(3  x  10*’  eV),5  and  the  polarizabilities  of  all  three 
states  are  expected  to  be  equal,  the  population  of 
the  |,I,  and  5  He' 4P  states  formed  from  the 
electron  capture  of  He  2’S  in  sodium  should  be 
purely  statistical.  Novick  and  Welnflash5  found 
this  to  be  the  case  for  He'  produced  in  potassium, 
and  there  is  no  intrinsic  difference  in  production 
via  the  sodium  reaction.  The  autodetachment 
rate,  R„  in  the  drift  region  d  was  thus  calculated 
from  the  expression 

=  Ao_+  An. ,  (5) 

7’s/»  r3/a  ri/a 

where  /,  is  the  fraction  of  the  population  in  the 
nth  sublevel  and  r„  is  the  corresponding  lifetime. 
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The  population  fractions  are  approximately  con¬ 
stant  during  the  beam’s  passage  through  the  short 
drift  region,  but  differ  slightly  from  the  original 
statistical  distribution  by  small  factors  easily 
calculable  from  the  lifetimes  and  the  1. 7 -Msec 
flight  time  from  the  point  of  formation  to  the  drift 
region  (region  c  in  Fig.  1).  The  length  of  region 
c  was  estimated  by  assuming  that  the  majority  of 
the  He*  ions  were  formed  near  the  center  of  the 
charge-transfer  oven.  This  assumption  leads  to 
a  value  of  c  =43. 6  cm.  The  uncertainty  intro¬ 
duced  by  this  assumption  is  much  smaller  than 
that  due  to  the  uncertainties  in  the  lifetimes.  The 
second  field-free  drift  region  (region  d  in  Fig.  1) 
extends  between  the  points  within  the  two  deflec  - 
tors  at  which  tangents  to  the  ion  trajectory  are 
just  able  to  enter  the  detector.  This  distance  was 
calculated  from  the  deflector  geometry  and  the 
detector  aperture  radius  to  be  5. 1  cm.  Evaluation 
of  Eq.  (5)  using  these  values  gives  R,=  (4. 1  ±0.  7) 
x  iff*  sec*1. 

Equations  (3)  and  (4)  are  readily  combined  to 
yield  an  expression  for  a  as  follows: 

i,  R.(l  +  mp)d2bht/  .  . 

it  Psin(60)erf(6/a)  ' 

The  factor  stn(60)  corrects  for  the  fact  that  our 
laser-ion  beam  intersection  angle  is  60°  rather 
than  90°. 

The  ratio  method  used  here  assumed  that  all 
neutral  He  products  are  detected  with  equal  ef¬ 
ficiencies.  While  the  autodetached  neutrals  are 
lS„,  the  photodetached  products  are  detected  as 
2 *S.  Since  all  product  detection  is  via  single  par¬ 
ticle  counting,  it  Is  only  necessary  that  these  two 
species  have  secondary  electron-ejection  coef¬ 
ficients  (y)  In  excess  of  unity  at  1300  eV  for  them 
to  be  detected  with  equal  probability.  Independent 
measurements11  of  the  secondary  ejection  coef¬ 
ficients  were  made  at  45°  Incidence  for  the  ground 
state  (y»  1.5)  and  excited  He  atoms  (y*K  1.9)  veri¬ 
fying  that  this  requirement  was  met. 

The  experiment  was  performed  by  chopping  the 
photon  beam  and  accumulating  the  counts  from  the 
neutral  He  detector  corresponding  to  laser  on  and 
off  in  the  two  channels  of  a  PAR  model  1112  pro¬ 
cessor.  The  ratio  it/it  is  given  by  the  ratio  of 
the  difference  count  to  the  background  count.  This 
ratio  varied  between  10*°  and  10'2  depending  on 
laser  power  and  wavelength. 

In  the  pulsed  laser  experiments  at  308  and  380 
nm,  time-of-arrival  spectra  of  neutral  He  follow¬ 
ing  the  laser  pulse  were  obtained  with  a  time-to- 
amplitude  converter  and  a  multichannel  analyzer 
operated  in  the  pulse-height  analysis  mode. 
Photodetached  He  atoms  appeared  as  a  peak  super¬ 
imposed  on  a  continuous  background  of  autode- 
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FIG.  2.  Photodetachment  cross  section  as  a  function 
of  total  energy  relative  to  He‘s0  (lower  scale)  and  pho¬ 
ton  wavelength  (upper  scale).  The  arrows  indicate  out¬ 
going  excited  He  states. 

tached  and  collisionally  detached  He.  The  cross 
section  was  calculated  by  normalizing  the  area 
under  the  peak  to  the  background  using  a  formal¬ 
ism  similar  to  that  described  for  the  cw  case. 

HI.  RESULTS  AND  DISCUSSION 

Results  are  presented  in  Fig.  2,  and  listed  in 
Table  I.  The  error  bars  shown  are  the  relative 
uncertainties,  which  include  the  statistical  count¬ 
ing  uncertainty,  and  the  relative  uncertainties 
in  a,  P,  and  ft.  An  absolute  uncertainty  of  ±30% 
is  assigned  to  the  oala  on  the  basis  of  the  uncer¬ 
tainties  in  the  autodetachment  rate  (16%),“  kcf> 
(10%),  d  (10%),  and  the  laser-ion  beam  overlap 
(15%). 

The  data  in  Fig.  2  are  plotted  against  the  total 


TABLE  I.  Absolute  He*24P  photo  detachment  cross 
sections. 


X(nm) 

Laser 

<r<l<r"  cm2) 

10  741 

COj  -  P<34) 

11.8 

10275 

COj  —/I  (16' 

11-4 

9657 

CO*  -  P(32) 

12.3 

9282 

CO*  —7?  (18) 

12.0 

1  060 

Nd:YAG 

3.9 

752.5 

Kr* 

4.7 

647.1 

Kr* 

3.3 

568.2 

Kr* 

2.5 

530.9 

Kr* 

1.8 

514.5 

Ar- 

2.0 

488.0 

Ar* 

1.3 

457.9 

Ar* 

3.0 

413.1 

Kr* 

1.3 

380.0 

XeCl  *BBQ 

1.5 

308.0 

XeCl 

0.8 
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electronic  energy  relative  to  He  ‘S„,  E=hu  +  19.  74 
eV,  assuming  that  He'4p  lies  80  meV  below 
He  23S,  as  measured  by  Brehm  et  at. *  although 
recent  calculations  argue  (or  a  slightly  lower  val¬ 
ue.  19  The  locations  of  the  lowest  He  triplet  states 
are  indicated  on  the  abscissa.  The  29S  photode¬ 
tachment  threshold  is  indicated  by  a  vertical 
clashed  line.  At  this  threshold,  the  transition 
Is2s2p  +  hv  -  ls2s  2 3S  +  es  (or  td)  yields  predom¬ 
inantly  s-wave  electrons,  and  the  cross  section 
should  behave19,17  as  v(v  -m„)1/3,  with  an  infinite 
slope  at  va.  The  four  CO,  laser  measurements 
near  10  4m  are  roughly  equally  spaced  in  energy 
between  35  and  53  meV  above  the  threshold,  as 
shown  in  the  energy-magnified  inset  in  Fig.  2. 
These  points  represent  the  largest  cross  sections 
observed.  Considerably  care  was  taken  to  re¬ 
duce  the  uncertainties  in  these  points.  The  Lack 
of  any  strong  energy  dependence  among  them  sug¬ 
gests  that  the  maximum  cross  section  is  not  much 
larger,  n  also  indicates  that  the  Wlgner  threshold 
law19  does  not  extend  this  far  above  threshold  be¬ 
cause  a  v(v  -  v0)l/*  curve  drawn  from  the  29S 
threshold  through  this  region  passes  through  the 
data  in  the  expanded  inset  in  Fig.  2  at  about  70° 
to  the  horizontal  and  clearly  does  not  fit  the  data. 
This  result  is  not  surprising;  Hotop,  Patterson, 
and  Lineberger19  found  that  the  Wlgner  law  is 
obeyed  only  within  5  meV  of  threshold  for  Se~ 
*Pi/t+hv-Se*PJ+€s. 

Photodetachment  cross  sections  (for  a  single 
outgoing  state)  generally  peak  at  photon  energies 
within  a  few  times  the  threshold  value  and  then 
fall  off  monotonically  toward  zero.  If  He"  behaves 
similarly,  the  cross  section  should  peak  at  a  total 
energy  of  S20  eV,  and  then  fall  off  toward  higher 
energies,  at  least  to  the  23P  threshold  at  20.96 
eV.  The  photodetachment  cross  section  at  20.91 
eV,  measured  with  a  cw  Nd ;  YAG  laser  (1.06 
4m),  lies  below  this  threshold,  and  is  thus  ex¬ 
pected  to  follow  the  smooth  falloff  from  the  peak 
value  near  20  eV.  However,  the  envelope  estab¬ 
lished  by  extrapolating  the  points  between  22. 8 
and  21.4  eV  toward  the  20.96-eV  23P  threshold, 
Indicates  that  a  substantial  increase  in  thr  cross 
section  (by  perhaps  a  factor  of  2)  occurs  as  the 
photon  energy  is  increased  through  the  23P  thresh¬ 
old.  This  increase  would  be  more  gradual  than  at 
the  29S  threshold  because  here  it  involves  an  out¬ 
going  p  wave  (Is2s2p  'P- ls2p  3P  +  ip),  and  exclud¬ 
ing  interference  effects  the  cross  section  should 
have  a  v(v  -  va)3,i  threshold  behavior. 17 

The  point  at  22.45  eV  (from  the  457.9-nm  Ar* 
User  line)  lies  well  above  the  envelope.  We  as¬ 
sume  that  this  point  is  connected  with  a  Feshbach 
resonance  lying  below  the  33S  state,  possibly 
ls3s'<d  'D* ,  which  could  rapidly  autodetach  and 


thus  be  fairly  broad.  Compton  et  at.'  have  also 
found  a  resonance  in  the  vicinity  of  470  nm.  Ober- 
oi  and  Nesbet19  have  calculated  cross  sections 
for  electron  scattering  from  He  23S  and  report  a 
4D*  resonance  at  22. 56  eV  with  a  width  of  0. 01 
eV,  which  would  correspond  to  a  wavelength  of 
440*  1. 5  nm. 

The  two  highest  energy  points  were  measured 
using  a  pulsed  XeCl  excimer  User  both  directly 
at  308  nm,  and  to  pump  a  dye  (BBQ)  at  380  nm. 

Th<>  Utter  wavelength  corresponds  approximately 
to  1  e  3 3P  threshold  at  23.01  eV.  The  dye  User 
was  used  to  search  for  resonance  effects  at  a 
number  of  close-lying  wavelengths  between  377 
and  382  nm.  However,  the  dye  laser  output  was 
unstable  from  pulse  to  pulse  both  in  profile  and 
position,  and  the  resulting  scatter  in  the  data  was 
too  great  to  detect  small  structure.  We  have 
therefore  averaged  all  these  dye  User  data  to 
yield  a  single  value  at  380  nm.  This  point  seems 
to  lie  above  the  envelope  and  could  result  from 
an  increase  above  the  33P  threshold,  but  the  un¬ 
certainties  are  too  Urge  to  attach  much  signi¬ 
ficance  to  it. 

The  only  previously  reported  photodeUchment 
cross  section  of  He"  is  the  estimate  of  0=  6x  10"19 
cm3  (*2x)  at  514. 5  nm  by  Brehm  et  al.  ,*  who  mea¬ 
sured  electrons  ejected  in  the  direction  of  the  elec¬ 
tric  vector  of  the  User  photons.  The  present 
value  of  (2. 0*0. 6)  x  10"17  cm3  is  Urger,  but  pos¬ 
sibly  within  the  combined  uncertainties.  Because 
their  experiment  was  primarily  aimed  at  the  mea¬ 
surement  of  electron  energies  rather  than  cross 
sections,  we  do  not  consider  the  disagreement  to 
be  serious. 

When  only  one  outgoing  channel  exists,  such  as 
below  the  23P  threshold,  it  is  straightforward 
using  detailed  baUncing17  to  calcuUte  the  radU- 
tive  attachment  cross  sections  <*,(£,),  where  Ef 
Is  the  electron  energy  for  e  +  He29S  -He"4P  + hv. 
We  find  at  10  Mm,  a,  (0.04  eV)=1.6x  10"33  cm3, 
and  below  the  23P  threshold,  at  (1.09  eV)=  1.2 
x  10"33  cm3.  The  corresponding  radiative  attach¬ 
ment  rates  are  1.4x  10"19  cm3  sec'1  and  1. 1  x  10*W 
cm3  sec'1,  respectively.  Because  we  do  not  know 
the  final  state  branching  ratios  at  higher  photon 
energies,  further  calcuUtions  would  be  specuU- 
tive.  The  inability  to  distinguish  between  differ¬ 
ent  product  channels  is  the  main  shortcoming  of 
this  experimental  method.  Its  advanUge  for  cross 
section  measurements  is  the  simplicity  of  collect¬ 
ing  all  products  regardless  of  the  photon  wave¬ 
length  or  of  the  final  state  of  the  He  atom. 

IV.  CONCLUSIONS 

These  measurements  are  clearly  incomplete,  in 
that  no  deUils  of  resonance  characteristics  were 
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studied,  but  they  do  show  the  general  aspects  of 
the  cross-section  magnitude  and  its  dependence 
on  photon  energy.  These  absolute  photodetach¬ 
ment  cross  sections  provide  a  useful  test  for  var¬ 
ious  approximate  methods  of  calculating  os¬ 
cillator  strengths  of  bound -free  transitions  for 
weakly  bound  electrons.  The  1.2  A*  peak  cross 
section  measured  here  is  nearly  three  times  larg¬ 
er  than  that  for  H'  (EA  =  0.  75  eV)  but  is  close  to 
that  calculated™  for  Li'  (EA  =  0.62  eV).  Further 
experimental  studies  in  the  region  between  the 
threshold  (-15.5  Mm)  and  the  fi.-st  maximum 


(-5-8  am)  would  be  very  useful.  Other  important 
areas  for  further  research  are  in  the  300-500-nm 
region,  which  should  include  much  resonance 
structure  associated  with  the  He"  quartet  states 
analogous  to  the  doublet  states  recently  calculated 
by  Nesbet,”  and  the  0.  8-2  Mm  region  which 
should  include  the  resonance  structure  as  well 
as  the  2'P  threshold  behavior. 

This  work  was  supported  by  the  Office  of  Naval 
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PHOTODETACHMENT  AND  COLLISIONAL  DESTRUCTION  OF  He 


Michael  J.  Coggiola 
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Measurements  of  the  destruction  cross  sections  of  the  metastable  negative 
He~  ion  are  reviewed,  including  both  photodetachment  and  collisional  detach¬ 
ment.  Recent  results  on  the  wavelength  dependence  of  the  photodetachment  of 
He~  (Is2s2p)  are  presented  in  detail.  New  collisional  destruction  cross 
section  results  for  a  number  of  target  gases  are  also  given  which  extend  the 
Impact  energy  range  down  to  500  eV.  Slow  positive  ion  current  measurements 
indicate  the  relative  importance  of  target  ionization  for  Ar  and  02«  The 
nature  of  this  Penning-type  Interaction  is  discussed. 
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1 .  INTRODUCTION 


Since  its  initial  tentative  observation  by  Hiby  in  1939^,  the  He-  ion  has 

continued  to  be  of  considerable  interest  both  theoretically  and  experimen- 

2  2  — 

tally.  As  early  as  1936,  the  (Is  2s)  S  "ground  state”  He  ion  was  calculated 
2 

to  be  unstable,  and  so  presumably  not  observable  experimentally.  Stimulated 

O 

by  its  subsequent  discovery,  Hol^ien  and  Midtdal  were  able  to  show  that  the 

(Is2s2p)  core-excited  configuration  should  in  fact  be  bound  by  at  least 

0.075  eV  relative  to  the  (ls2s)  2  S  neutral  atom.  Nominally,  at  least,  this 

state  should  be  metastable  against  both  direct  autoionization  and  radiative 

decay  to  a  ground  state  atom  plus  a  free  electron.  However,  it  was  readily 

recognized J  that  the  an^  4^3/2  J-levels  would  mix  with  the  corresponding 

2 

P  states  due  to  a  partial  breakdown  of  the  LS  coupling.  Since  the  doublet 

4  2 

states  are  short  lived,  the  admixture  of  P  and  P  would  be  expected  to 
greatly  reduce  the  lifetime  of  both  the  ^Pj/2  antJ  ^p3/2  states*  Because  there 
is  no  corresponding  J  -  5/2  doublet  state,  the  ^p5/2  level  cannot  autoionize 
via  the  same  mechanism;  however,  it  is  still  possible  for  it  to  autodetach  via 
a  weak  spin-spin  interaction. 

Somewhat  earlier,  it  had  been  found^  that  the  (2s2pz)  ^P  state  of  He  was 

3  2  3 

bound  relative  to  both  the  (2s2p)  P  and  (2p  )  P  states  of  the  neutral  atom, 
however,  this  configuration  is  subject  to  rapid  radiative  decay  to  the 

(Is2s2p)  P  level.  In  addition,  the  lowest  doublet  states  are  foundJ  to  be 

2  2 
unbound  in  the  case  of  (Is2s2p)  P  or  autoionizing  in  the  case  of  (ls2s  ) 

2  ^  _ 

^S.  Thus,  the  (Is2s2p)  P  state  of  He  is  expected  to  be  the  only  metastable 
configuration  having  an  appreciable  (usee)  lifetime.  This  expectation  has 

been  borne  out  by  numerous  experiments  over  the  past  12  years. 

While  the  initial  observation  of  He  was  made  in  the  ion  source  of  a  mass 
spectrometer,  the  subsequent  studies^  * ^  of  He  formation  all  involved  produc- 


tion  by  electron  capture  reactions  beginning  either  with  He+  or  neutral  He 
atoms.  Table  I  summarizes  a  number  of  these  studies  and  includes  reported 
estimates  of  the  charge-transfer  cross  sections.  In  several  of  these  experi¬ 
ments,  there  is  some  ambiguity  as  to  the  exact  composition  of  the  projectile 
beam,  especially  in  those  cases  where  a  neutral  He  atom  beam  was  itself  formed 
by  charge-exchange.  Despite  these  uncertainties,  two  broad  classes  of  experi¬ 
ments  can  be  identified;  those  which  suggest  that  the  final  He-  state  is  the 
(Is2s2p)  4P,  and  those  which  tend  to  support  a  doublet  final  state,  possibly 
the  (ls2p  )  ZP.  Independent  of  the  final  state  question,  several  of  the 
experiments  included  in  Table  I  clearly  demonstrated  the  importance  of  the  He* 

(ls2s)  2  S  metastable  atom  as  an  intermediate  in  the  formation  of  He  (Is2s2p) 
4p<10,13,15 

Donnally  and  Thoeming^  were  the  first  to  point  out  that  the  two-step 

3 

formation  process  involving  the  2  S  intermediate  should  be  a  very  efficient 
production  method: 


He+  +  X  ->■  He*  ( ls2s)  23S  +  X+  (la) 

He*  23S  +  X  >  He~  (Is2s2p)  4P  +  X+  .  (lb) 

They  correctly  reasoned  that  using  an  alkali  (X  =  Cs,K  in  their  experiments) 
as  the  target  in  both  steps  would  lead  to  high  yields  of  the  He-  product  owing 
to  the  very  large  found  by  Peterson  and  Lorents.^  They  verified  this 

experimentally,  observing  a  1.2%  conversion  efficiency  for  He+  He  at 
3  keV  in  Cs.  ^  Recent  measurements  of  the  final  state  distributions  for 
reaction  (la)  at  energies  between  100  eV  and  1.5  keV  by  Barat  and  co-workers^ 
have  in  fact  shown  that  both  Cs  and  K  produce  large  (30-50%)  2^S  components. 
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On  the  other  hand,  the  He+  +  Na  reaction  yields  essentially  100%  metastable 
3  1 

2  S.  Since  the  2  S  can  only  lead  to  unstable  doublet  negative  ions,  whereas 
the  2  S  can  lead  to  the  metastable  quartet  He  ,  it  would  appear  that  the 
production  of  (Is2s2p)  4P  He  at  energies  near  1  keV  can  be  maximized  by  using 
a  Na  charge-transfer  target. 

The  results  of  several  of  the  early  charge-transfer  experiments  suggested 
that  a  doublet  He  ion  could  also  be  produced  and  observed  in  single  colli¬ 
sions  of  He+  with  ground  state  He2  and  H2*^’^  The  work  of  Baragiola  and 

14  - 

Salvatelli  further  supported  the  existance  of  an  observable  doublet  He  , 

formed  in  their  case  by: 

He  (1S)  +  Mg  (!S)  >  He"  (2P)  +  Mg  (2S)  (2) 

2 

at  40  keV,  where  the  doublet  state  was  presumed  to  be  the  (ls2p  ).  They 

2  2 

estimated  a  lower  bound  on  the  radiative  lifetime  of  the  (ls2p  )  ^P  state  of 

_8 

5  x  10  sec.  Additional  evidence  for  the  production  of  a  doublet  state  of 

He  is  found  in  the  work  of  Dunn  et  al.  ^  By  producing  neutral  He  beams 

1  3 

containing  known  fractions  of  either  2  S  or  2  S,  they  were  able  to  study 
separately  the  reactions: 

He  ( 2 1 S )  +  H2  -*•  He"  (2P)  +  H2+  (3) 

and 

He  (23S)  +  H2  +  He"  (4P)  +  H2+  .  (4) 


At  200  keV,  they  found 


a*~l  <23S) 


2.0  *  10  18  cm2 


The  large  a*_j  (2  S)  cross  section  clearly  lends  credence  to  their  conclu¬ 
sion  that  a  long-lived  doublet  state  can  in  fact  be  produced  by  charge- 
transfer.  Dunn  et  al.  were  also  able  to  place  a  lower  limit  of  10-^  sec  on 
the  lifetime  of  this  state. 

1 8 

Unfortunately,  the  recent  theoretical  study  of  Bunge  and  Bunge  could 
find  no  evidence  for  the  existence  of  such  long-lived  doublet  states. 


2.  PROPERTIES  OF  He 

Beyond  determining  the  configuration  of  the  long-lived  state(s)  of  He", 

considerable  efforts  have  been  directed  at  obtaining  values  of  the  electron 

binding  energy  and  autodetachment  lifetimes.  Determinations  of  these  two 

properties,  and  to  a  lesser  extent  the  J-  level  energy  separations,  have 

provided  Inevitable  and  valuable  comparisons  between  experiment  and  theory. 

As  noted  In  the  introduction,  Holsiien  and  Midtdal  were  the  first  to 

calculate  a  positive  electron  affinity  for  He-  (Is2s2p)  relative  to  He* 

(ls2s)  2  S.  Their  value  of  EA  >  0.075  eV  appears  to  be  in  excellent 

1 8 

agreement  with  more  recent  calculations  (0.0774  eV)  and  experiments 

1 Q  ?f) 

(0.080  eV).  However,  Hol^ien  and  Midtdal  later  discovered  an  error  in 

their  original  calculation  which  when  corrected  reduced  the  electron  affinity 
to  0.0056  eV.  An  improved  estimate  of  the  EA  was  made  by  Holfliien  and 

oj  22 

Geltman  who  obtained  a  lower  bound  of  0.033  eV.  Somewhat  later,  Weiss 
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find 


1  O 

reported  ?  value  of  0.067  eV,  and  more  recently,  Bunge  and  Bunge 
EA  «  0.0774  ±  0.0003  eV.  The  accuracy  of  this  latter  result  exceeds  by  nearly 
an  order  of  magnitude  the  stated  uncertainty  in  the  only  directly  measured 
value  of  the  electron  binding  energy  in  He  by  Brehrn,  Gusinow,  and  Hall, 
0.080  ±  0.002  eV.19 

Although  perhaps  not  as  accurate  as  the  calculations  of  Bunge  and  Bunge, 
this  experiment  showed  for  the  first  time  that  He  formed  in  charge-exchange 
of  He+  in  K  had  the  expected  (Is2s2p)  configuration.  By  measuring  the 
kinetic  energy  of  electrons  photodetached  from  He  at  a  fixed  wavelength, 
Brehm  et  al.  were  able  to  distinguish  between  photodetachment  corresponding  to 
loss  of  either  the  2s  or  2p  electron.  The  reported  80  meV  average  value  of 
the  electron  affinity  was  determined  relative  to  the  known  EA  of  D-  which  they 
observed  simultaneously. 

As  a  result  of  the  different  decay  mechanisms,  the  three  ^Pj„5/2  3/2  1/2 

He-  states  are  expected  to  demonstrate  "differential  metastability,"  that  is 

they  should  exhibit  distinct  lifetimes.  Early  attempts  to  calculate  the  life- 

22-25 

times  of  the  J  *  5/2  level  proved  inconclusive  yielding  values  between 

26 

266  psec  and  1.7  msec.  Experimentally,  Nicholas  et  al.  measured  the  decay 
of  a  He-  beam  over  1  and  2  meter  flight  paths  to  obtain  a  single  component 
lifetime  of  18.2  ±2.7  psec. 

Using  time-of-f light  techniques  to  observe  the  differential  decay  of  a 

-  27 

He  beam  in  an  axial  magnetic  field,  Blau,  Novlck,  and  Weinflash  and  later 

28 

Novick  and  Weinflash  were  able  to  separate  fast  and  slow  decay  components. 
The  longer-lived  component,  associated  with  the  J  *  5/2  level  was  found  to 
have  a  lifetime  T5/2  ”  500  *  200  psec.  The  shorter-lived  component  of  the 
He  beam  was  resolved  into  two  components  to  give  x2/2  “  ^  ^  psec  and 

x 1 / 2  “  16  ±  4  psec.  These  results  have  essentially  been  substantiated  by 
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the  work  of  Simpson  et  al.  More  recently,  Compton  et  al.  have  measured  a 

short-lived  component  lifetime  of  10.5  ±  2  psec  for  He”  formed  by  He+ 

30 

charge-transfer  in  Ca  vapor.  Improved  theoretical  calculations  now  give  a 

O  1 

reliable  estimate  of  455  psec  for  the  J  -  5/2  lifetime. 

28 

In  addition  to  obtaining  the  lifetimes,  both  Novick  and  Weinflash  and 
29  - 

Simpson  et  al.  found  that  the  He  decay  curves  were  consistent  with  the 


J-levels  being  populated  in  proportion  to  their  statistical  weights.  This 


result  is  reasonable  in  view  of  the  very  small  energy  level  separations 

“  3.41  x  10  ^  eV  and  A^  =  3.58  x  10  ^  eV  found  by  Mader  and 
32 

Novick.  A  similar  statistical  behavior  is  found  in  the  charge-transfer  of 


Ne+  +  Na. 
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3.  PHOTODETACHMENT  OF  He 

The  techniques  of  negative  ion  photodetachment  are  well  established,  and 

O  C 

have  been  successfully  applied  to  a  large  number  of  stable  negative  ions. 
However,  with  the  exception  of  the  EA  measurements  of  Brehm  et  al.  ,  7  photo- 
detachment  studies  of  the  He  ion  have  not  been  attempted  until  recently.  One 
goal  of  such  studies  is  the  observation  and  identification  of  resonances  in 
the  detachment  cross  section  as  a  function  of  photon  energy.  These  resonances 
give  information  on  excited  electronic  states.  While  there  have  been  many 
numerical  calculations  of  excited  doublet  state  resonances  which  appear  in 
e-He  scattering,  the  corresponding  quartet  excited  states  have  received  little 
attention.  Since  the  detachment  threshold  of  He-  is  small  (0.077  eV)  as  is 
the  threshold  for  ionization  of  the  "parent"  He*  (ls2s)  2^S  (4.77  eV),  a  large 
number  of  excited  electronic  states  might  be  expected  to  lie  within  an  acces¬ 
sible  wavelength  range  (16  pm  -  260  nm). 
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The  first  reported  studies  of  the  photodetachment  cross  section  of  He 

36 

were  done  in  our  laboratory  at  SRI  and  at  the  Oak  Ridge  National  Laboratory 

37 

by  Compton  and  co-workers.  A  brief  description  of  the  former  experiment 
will  be  given  below,  and  results  from  both  groups  presented. 

A.  Experimental  Method 

The  He”  beam  was  generated  by  charge -exchange  of  a  mass  selected  He+  beam 
in  Na  at  1300  eV,  as  shown  in  Figure  1.  The  Na  vapor  pressure  was  maintained 

at  ~  10  mtorr  where  the  He”  yield  was  about  ■»  0.1%  of  the  incident  He+ 

current.  The  He”  was  electrostatically  separated  from  the  He+,°  components 
and  intersected  by  a  laser  beam  midway  along  a  field-free  drift  region.  Down¬ 
stream  from  the  detachment  region,  a  second  deflector  removed  any  residual 
ions  leaving  only  neutral  atoms  formed  in  the  drift  region.  These  neutral 
atoms,  arising  from  photodetachment,  collisional  detachment,  and  autodetach¬ 
ment,  entered  the  detector  where  they  struck  a  stainless  steel  surface  at  45° 
ejecting  secondary  electrons  which  were  accelerated  into  a  channeltron  multi¬ 
plier  and  counted.  Bias  potentials  on  the  secondary  emission  surface,  the 

channeltron  cone,  and  an  entrance  grid  were  adjusted  to  maximize  secondary 
electron  collection  while  rejecting  electrons  that  originated  outside  the 

detector.  A  number  of  lasers  were  used  to  obtain  discrete  photon  energies  in 
the  range  from  10  pm  to  300  nm,  including  a  line-tunable  cw  <X>2  laser,  cw 
Nd:YAG,  krypton  and  argon  ion  lasers,  and  a  pulsed  XeCl  excimer  laser  which 
was  used  alone  and  as  a  pump  for  a  dye  laser. 

In  order  to  determine  the  absolute  magnitude  of  the  photodetachment  cross 
section  without  requiring  a  knowledge  of  our  overall  detection  sensitivity,  we 
made  use  of  the  metastability  of  He”  and  the  measured  lifetimes  of  the  three 
substates.  By  normalizing  the  neutral  photodetachment  signal  to  the  steady 
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background  signal  produced  by  autodetachment  and  collisional  detachment  over  a 
known  path  length  (region  d,  Figure  1),  it  is  possible  to  determine  the 
absolute  photodetachment  cross  section. 

One  additional  consideration  needed  to  obtain  accurate  cross  section 
values  is  the  spatial  overlap  of  the  ion  and  photon  beams.  The  photodetach¬ 
ment  of  a  spatially  uniform  ion  beam  of  cross  sectional  area  A,  propagating 
along  the  x  axis,  and  intersected  by  a  laser  beam  propagating  along  the  y 
axis,  can  be  described  by  the  equation:  D 


ip/i_  -  a  fff  dtdydz  ip/i_  «  1  (5) 

where  a  is  t^e  photodetachment  cross  section,  ip  is  the  equivalent  current 
of  photodetached  He,  i_  is  the  incident  He-  current,  and  the  integration 
extends  ever  the  time  of  interaction  and  the  spatial  overlap  of  the  two  beams 
in  the  y-z  plane.  By  carefully  determining  the  spatial  distribution  of  the 
laser  beam,  $(x,z)  for  each  cross  section  measurement,  it  was  possible  to 
evaluate  tha  integral  in  (5). 

With  the  assumption  that  the  He-  J  =  5/2,  3/2/  1/2  substates  are  statis¬ 
tically  populated,  and  have  lifetimes  of  500,  10  and  16  psec,  respectively, 

we  calculate  the  autodetachment  rate  in  region  d  to  be 

4  -1 

4.1  ±0.7  x  10  sec  .  This  decay  rate  includes  a  correction  for  the  fact 
that  the  beam  composition  changes  slightly  between  the  point  of  formation  and 
the  beginning  of  region  d  (i.e. ,  during  its  passage  through  region  c).  The 
measured  photodetachment  signal  can  then  be  combined  with  this  autodetachment 
rate  and  the  measured  collisional  detachment  cross  sections  (see  section  4)  to 
yield  an  absolute  photodetachment  cross  section. 
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B.  Results  and  Discussion 

The  measured  cross  section  results  are  shown  in  Figure  2  and  listed  in 

Table  II.  The  estimated  absolute  uncertainty  of  the  data  is  ±  30%.  The  data 

in  Figure  2  are  plotted  as  a  function  of  the  total  electronic,  energy  relative 

to  ground  state  He,  with  the  lowest  four  triplet  states  of  the  neutral  atom 

indicated.  The  vertical  dashed  line  corresponds  to  the  threshold  for  the 

3 

process  Is2s2p  +  hv  +  ls2s  2  S  +  es  (or  ed).  This  threshold  is  expected 

1/2 

to  yield  mainly  s-wave  electrons,  and  have  a  v(v  -  v  )  functional  depen- 

o 

dence.  The  four  CO2  laser  measurements  shown  in  the  inset  of  Figure  2  are 

roughly  equally  spaced  between  35  and  53  meV  above  this  threshold.  The  dashed 

1/2 

line  in  the  inset  corresponds  to  the  expected  v(v  -  v  )  threshold 

o 

behavior,  which  clearly  does  not  fit  the  nearly  constant  cross  section 
observed.  Other  photodetachment  studies  have,  in  fact,  shown  that  this 

IQ 

threshold  law  is  obeyed  only  within  a  few  meV  of  threshold. 

Several  features  in  the  photodetachment  cross  section  suggest  the 
presence  of  resonance  structure.  The  point  at  20.91  eV,  measured  at  1.06  pm 
using  the  Nd:YAG  laser,  lies  just  below  the  threshold  for  the  opening  of  the 
first  excited  (relative  to  the  2^S)  neutral  state:  (ls2p)  2^?.  The  next 
point,  ta'  t  a  photon  energy  of  1.65  eV  (21.4  eV  total  energy)  lies  above 
the  2  P  threshold  (20.96  eV) ,  and  shows  that  a  substantial  increase  in  the 
cross  section  must  occur  in  the  vicinity  of  this  threshold.  Recent  theo¬ 
retical  calculations  of  the  photodetachment  cross  section  for  He  ^P  by  Hazi 

39  3 

and  Reed  confirm  the  existence  of  a  very  large  peak  just  above  the  2  P 

9  A  o 

threshold  due  to  a  (ls2p*)  Pe  shape  resonance.  Although  Hol<$ien  and 
Geltman^*  originally  calculated  this  (ls2p^)  ^Pe  state  to  lie  0.20  eV  below 
the  parent  (ls2p)  2JP,  the  more  recent  work  of  Safronova  and  Senashenko, 
Bunge  and  Bunge, and  Hazi  and  Reed^  all  place  the  ^Pe  state  above  the  2^P 


The  point  at  22.45  eV  (2.71  eV  photon  energy)  also  appears  to  lie  above 
the  smooth  envelope.  A  (Is3s3d)  ^De  Feshbach  resonance  has  been  calculated  by 
Oberoi  and  Nesbet^  to  occur  in  the  e-He(2^S)  scattering  cross  section  at 
22.56  eV.  This  resonance,  having  a  calculated  width  of  0.01  eV,  would  appear 
»  0.15  eV  below  the  3^S  threshold.  Since  the  ^De  state  is  expected  to 
rapidly  autodetach,  this  feature  could  be  fairly  broad,  and  the  point  at 
22.45  eV  may  be  associated  with  excitation  of  this  state. 

The  single  cross  section  point  just  at  the  3  P  threshold  (23.0  eV)  also 

appears  to  be  higher  than  the  overall  envelope  of  the  cross  section,  although 

the  experimental  uncertainties  here  were  too  large  to  ascribe  much  signifi- 

39 

cance  to  this.  It  is  interesting  to  note,  however,  that  Hazi  and  Reed  do 
find  evidence  for  a  weak  (lsSp^)  Feshbach  resonance  —  0.18  eV  below  the 
3^P  threshold. 

Also  shown  in  Figure  2  are  the  recent  results  of  Compton,  Alton,  and 
Pegg.^7  Their  experimental  method  differed  from  the  present  study  in  that  a 
pulsed,  tunable  dye  laser  was  used  throughout,  and  the  detached  electrons  were 
collected  rather  than  the  neutral  products.  To  obtain  absolute  cross 
sections,  they  made  use  of  the  known  0“  photodetachment  cross  section  for 
calibration  purposes.  By  measuring  the  kinetic  energy  of  the  autodetached 
electrons,  Compton  et  al.  were  also  able  to  show  that  the  He”  formed  from  He+ 
charge-transfer  in  Ca  was  indeed  in  the  (Is2s2p)  ^P  state. 

It  is  apparent  from  Figure  2  that  over  the  range  in  photon  energies  where 
these  two  experiments  overlap,  reasonable  agreement  is  found  both  in  the 
overall  shape  of  the  cross  section  and  the  absolute  value.  Compton  et  al. 
also  find  some  evidence  of  structure  in  the  cross  section  near  22.3  eV,  which 
they  also  note  may  be  associated  with  the  (Is3s3d)  ^De  resonance  calculated  by 


Oberoi  and  Nesbet 


3 

Below  the  2  P  threshold,  there  Is  only  a  single  final  state  accessible, 
and  hence  the  energy  of  the  outgoing  electron  is  known.  In  that  case,  it  is 
possible  using  detailed  balancing  to  calculate  the  radiative  attachment  cross 
section,  a  (E  ),  where  E  is  the  electron  energy  for 

d  6  ^ 

3  -  4 

e  +  He(2  S)  +  He  (  P)  +  hv.  At  the  longest  wavelength,  10  pm, 

-22  2 

0^(0. 04  eV)  •  1.6  *  10  cm  and  at  1.06  pm, 

-22  2 

a  (1.09  eV)  •  1,2  *  10  cm  .  At  shorter  wavelengths,  the  final  state 
disLr*  but''  ons  are  not  known,  and  so  the  radiative  attachment  cross  sections 
cannot  L>e  determined  in  this  way. 

4.  C0LLISI0NAL  DESTRUCTION  OF  He" 

Cross  sections  for  the  collisional  destruction  of  He”  in  He,  Ar,  H2,  and 

/  1 

N2  have  been  measured  by  a  number  of  groups.  These  studies  have  covered  an 
energy  range  between  3  MeV  and  4  keV.  As  expected  for  a  loosely  bound  system 
such  as  He”,  the  collisional  detachment  cross  sections  observed  are  large  at 
all  energies,  typically  showing  a  decrease  with  increasing  collision  energy. 
For  example,  Heinemein  et  al.^  measured  o_^  *  1*3  x  10  ^  cm^  for  Hj  at 
3  MeV,  while  Simpson  and  Gilbody^  find  a_^Q  ■  19  x  10  ^  cm^  at  10  keV. 
For  different  target  gases,  the  cross  sections  generally  decrease  in  the 
order:  N2  «  Ar  >  Ne  >  H2  >  He. 

Using  the  attenuation  techniques  pioneered  by  Gilbody  and  co-workers 
47 

Pedersen  and  Hvelplund  measured  the  apparent  fraction  of  metastable  neutral 
He  formed  by  collisonal  detachment  of  He"  in  H2  at  50  keV.  Their  finding  that 
only  61X  of  the  detached  atoms  were  produced  in  the  metastable  state  was 
somewhat  surprising,  assuming  that  the  incident  He"  was  in  the  (Is2s2p)  ^P 
state.  Provided  that  no  spin  flip  occurs,  the  detachment  process  is  expected 
to  be: 
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(6) 


-  4  3 

He  ( Is2s2p)  P  +  M - ►  He  (ls2s)  2  S  +  M  +  e 

- -  He  (ls2p)  23P  +  M  +  e 

1-— He  (ls2s)  23S 

They  advanced  two  possible  explanations  for  the  origin  of  the  large  fraction 
of  ground  state  product  observed:  (1)  The  incident  He-  actually  contained  a 
significant  amount  of  a  long-lived  doublet,  and  hence  the  process: 


He”  (ls2p2)  2P  +  M  -*•  He  (ls2p)  2*P  +  M  +  e 

*---*•  He  (Is2)  *S 


(7) 


becomes  allowed;  or  (2)  A  Penning-type  process  occurs  in  which  the  weakly 
screened  He+  core  captures  an  electron  into  the  Is  orbital  and  subsequently 
ejects  the  two  outer  electrons, 

He  (Is2s2p)  4P  +  M  He  (ls22s)  +  M+  +  e  -*•  He  (Is2)  +  M+  +  2e 

or  (8) 

He”  ( Is2s2p)  4P  +  M  -*•  He”  (ls22p)  +  M+  +  e  ♦  He  (Is2)  +  M+  +  2e 

The  same  result  will  occur  even  if  the  ordering  of  the  two  steps  is  reversed, 
that  is  if  the  He-  is  first  collisionally  detached  to  yield  a  metastable  atom 
which  then  Penning  ionizes  the  target  before  the  two  particle'-:  separate. 
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(9) 


He  (Is2s2p) 


4  * 

P  +  M  ♦  He 


( 1 s2s )  2  S+M+e 


- ♦  He  (ls^)+M++e 


This  type  of  mechanism  has  been  previously  suggested  as  being  important  in  the 
quenching  of  excited  atoms.  Processes  (8)  and  (9)  would  not  only  lead  to 

the  production  of  ground  state  projectile  atoms,  but  also  to  the  production  of 
slow  positive  target  ions.  Furthermore,  since  (8)  and  (9)  involve  a  Penning- 
type  interaction,  they  would  not  be  expected  to  contribute  to  the  detachment 
cross  section  in  those  cases  where  the  Penning  channel  is  closed,  such  as  for 
He  and  Ne  targets. 

Pedersen  et  al.^*  later  extended  the  energy  range  of  these  metastable 
fraction  measurements  for  He  detachment  in  He,  Ne,  Ar,  H2,  and  Nj  to  between 
25  and  400  keV.  They  again  found  that  in  general,  between  30  and  60%  of  the 
collisonally  detached  He  atoms  are  in  the  ground  state.  They  were  able  to 
account  for  these  results  using  a  simple  model  which  assumed  that  the  short- 

lived  (10  -  16psec)  component  of  the  He  beam  was  actually  due  to  (ls2p  ) 
9 

P,  while  the  long-lived  component  was  the  quartet  state.  Later  work  by 
52 

Pedersen,  however,  showed  that  due  to  a  possible  systematic  error  in  the 
earlier  studies,  the  actual  ground  state  fraction  may  have  been  considerably 
smaller  than  the  reported  value. 

Electron  detachment  cross  sections  for  He  ^P  in  various  gases  have  been 

calculated  using  the  classical  impulse  approximation  of  Bates  and 
53  54 

Walker.  ’  This  model  calculates  the  classical  energy  transfer  between  the 
loosely  bound  electron  and  the  target.  If  the  amount  of  energy  transferred 
exceeds  the  EA  of  the  ion,  then  detachment  is  assumed  to  occur  with  unit 
probability.  For  the  weakly  bound  He  ion,  this  approximation  is  expected  to 
be  very  reasonable,  at  least  at  higher  energies. 
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In  actual  practice,  Helnemein  et  al.  calculated  class!  cal  letachment 
cross  sections  for  Ar,  H7,  and  He  targets,  and  found  excellent  agreement  ./It1 
their  data  at  energies  down  to  100  keV."*^  Conversely,  the  calculated  cross 
sections  of  Snyder'*"’  are  In  reasonable  accord  for  H->,  20?  low  for  He,  and  a 

factor  of  ~  2  low  for  Ar  at  energies  down  to  4  keV. 

We  have  recently  completed  measurements  of  rhe  total  colllsonal  destrui  - 
tlon  cross  sections  of  He  In  He,  Ne,  Ar,  Hj,  O2,  and  NO  at  energies  from 
4  keV  to  500  eV. 56  In  addlt  Ion  to  these  attenuation  measurements,  we  have 
also  made  preliminary  measurements  of  the  slow  positive  Ion  current  due  to 
target  ionization  in  an  attempt  to  assess  the  relative  Importance  of  processes 
(8)  and  (9). 

A.  Experimental  Method 

The  same  scattering  apparatus  was  used  for  this  work  as  for  the  photo- 
detachment  studies  with  only  a  few  modifications.  As  shown  in  Figure  3,  a 
1.5  cm  long  gas  cell  was  introduced  into  the  He  beam  path.  The  cell  had  a 
1.5  mm  entrance  aperture  and  a  4  mm  exit  aperture.  The  current  f  He  was 
monitored  after  the  cell  with  a  suppressed  Faraday  cup.  A  pair  of  condensor 
plates  between  the  target  cell  and  the  Faraday  cup  could  be  used  to  either 
sweep  away  all  charged  species  or  to  separate  the  He+,°’  components.  In  the 
latter  case,  the  Faraday  cup  could  be  repositioned  such  that  the  current  of 
any  single  species  could  be  measured  independently  of  the  others.  Not  shown 
in  Figure  3  is  a  small  collector  plate  inside  the  collision  chamber  which 
could  be  biased  to  measure  either  slow  positive  or  negative  currents. 

The  effective  length  of  the  cell  was  determined  by  remeasuring  the  well- 
known  He+  +  He  charge -exchange  cross  section^’^®  using  an  attenuation 
method.  The  length  thus  determined  was  ~  25%  greater  than  the  geometric 
length. 
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B.  Result  <  ind  D  iSi'ussi  >" 

The  attenuat  ion  of  the  He  uirrent  wasure  1  .it  the  ietertur  is  related  to 
r  tie  <as  iensitv  in  the  el’,  n,  and  the  effective  length,  !,  bv  the  equation, 

I  n  i  ;  '  i  1  *  '  :  +•  +  V  •  '  n  ■  f 101 

•  i  s  -11 


where  i  Is  the  ut'enuited  current ,  i  is  the  incident  current,  ?  is  the 

s 

riss  section  for  e 1  is  t i  scattering  outside  the  detector  viewing  range, 

■  is  the  total  cross  sect  *  on  for  all  processes  which  vield  neutral 

products,  and  •  is  the  pros  sec  tion  f  >r  the  two  electron  loss.  Since 

the  detector  viewing  ingle  is  1  ,  it  seems  unlikeiv  •  •  at  :  will  contri- 

s 

hut e  to  the  ibservert  it  tenu.it  i  in,  even  it  the  1  iwest  energies,  hence  this  term 

1  .  ,  have  Seen  made  for  He  at  the 
nd  the  results  alwavs  show  that 


In  neglected.  Se  ve  r  1 1  wish  r  erne  n  t  s  if 

as  s’  S  q 

higher  collision  energies  ’  ' 


’  .  ,  <■ '  ’  ,  +  •  .  As  a  further  check  of  this,  we  positioned  the  Faradav 
cup  to  collect  on  1 v  He  formed  hv  two  electron  detachment.  For  He,  Ar  ,  and  0, 
targets  at  1  and  k.eV  ,  we  found  no  significant  current  of  He*  produced  and  as 
such  we  can  set  an  upper  limit  of  -  j,  •  •«,  -  Values  of  o  ^  are 

thus  assumed  to  equal  the  total  at  tenuis: : on  cross  section  determined  from  the 
slope  of  semi  log  plots  of  current  vs.  gas  dens i tv. 

Results  for  o  ^ ...  for  the  rare  gases  Me,  he,  and  Ar  are  presented  in 

Figure  A.  The  eorresnnding  t  >:a!  detachment  cross  sections  for  the  diatomic 
targets  are  given  in  Figure  S.  In  both  figures,  the  solid  points  at  A  keV 

represent  the  ?  ^  cross  sections  measured  hv  Simpson  and  fit  Ihodv.**'*  Agree¬ 
ment  between  the  two  sets  of  measurements  is  reasonable,  although  no  explana¬ 
tion  is  apparent  to  account  for  the  systematically-  higher  cross  sections 


1  h 


measured  in  the  present  work 


The  current  of  slow  positive  ions  C 1  s  ow  +)  and  negative  ions  and 
electrons  (is^ow  _)  produced  in  the  attenuation  cell  were  collected  for  He, 
Ar,  and  O2  targets  at  several  collision  energies.  Several  tests  were  made  to 
access  the  overall  collection  efficiency  of  our  experimental  arrangement, 
which  appeared  to  be  >  90%.  Measurements  of  the  net  negative  current 
produced  in  the  cell  («  ig^QW  -  “  *slow  equaled  the  measured  loss  of  He~ 

due  to  attenuation  to  within  ±  10%.  Cross  sect'  ns  for  the  production  of 
positive  target  ions  were  calculated  from  the  measured  values  of  ig^ow  +  ,  and 
are  given  in  Table  III,  along  with  the  a  ^  cross  sections. 

The  a_io  cross  sections  presented  in  Figures  4  and  5  are  large, 

approximately  a  factor  of  two  greater  than  the  corresponding  cross  sections 

for  H~  in  He,  Ar,  H2,  and  02*^  With  the  exception  of  the  O2  and  NO  result;, 
the  cross  sections  are  relatively  constant  over  the  energy  range  inves¬ 
tigated.  Below  1  keV,  both  the  and  NO  cross  sections  rise  rapidly  with 

2 

decreasing  energy,  reaching  58  A  for  NO  at  500  eV.  Similar  behavior  has 
been  seen  in  both  the  H  +  O2  and  H  +  NO  collisional  detachment 

results.  ®  For  those  systems,  it  was  shown  that  most  of  the  increase  in 

the  total  cross  section  is  attributable  to  a  rise  in  the  charge-transfer 
probability. geetBS  likely  that  the  same  mechanism  is  responsible  for 
the  observed  incease  here.  Both  O2  and  NO  have  stable  negative  ions,  and  the 
reactions , 

He"  (4P)  +  02(3i:)  He(3S)  +  02"  (2II)  +  0.36  eV  (11) 

and 

He'  (4P)  +  NO  (2n)  -  He  (3S)  +  No"  (3Z)  +  0.04  eV  (12) 
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are  energetically  allowed. 

The  cross  sections  for  target  ionization  given  in  Table  111  comprise 
between  15  and  30%  of  the  corresponding  a  jq  cross  sections  for  Ar  and  09. 
It  is  interesting  to  note  that  there  is  very  little  He  target  ionization  as 
expected  since  the  Penning  channel  is  not  available.  Since  the  2p  electron  in 
the  He-  (Is2s2p)  produces  additional  shielding  of  the  Is  core  relative  to 
He  (ls2s)  2  S,  cross  sections  for  Penning  ionization  by  He  2  S  should 
represent  an  approximate  upper  bound  for  these  target  ionization  cross  sec- 

if  1 

tions.  Measured  total  deexcitation  cross  sections  of  He  2  S  by  Ar  determined 
ft  3 

by  Moseley  et  al.  and  the  Penning  ionization  cross  sections  calculated  by 
Olson^  are  about  a  factor  of  two  larger  than  our  measured  target  ionization 
cross  sections. 

We  have  also  applied  the  Bates  and  Walker  classical  impulse  approximation 
method  to  calculate  cross  sections  down  to  500  eV.  Calculated  values 

are  included  in  Table  III.  In  general,  agreement  for  H,  is  gocd;  however,  for 
both  He  and  Ar  the  calculated  values  are  lower  by  up  to  an  order  of  magnitude 
at  the  lowest  energy.  It  seems  clear  that  at  these  low  energies,  this  simple 
treatment  is  no  longer  applicable. 

5.  CONCLUSIONS 

The  properties  and  interactions  of  He  have  been  reviewed,  with 
particular  attention  to  recent  photodetachment  and  collisional  detachment 
cross  section  measurements.  The  small  electron  binding  energy  and  the  large 
electronic  excitation  of  the  metastable  He  ion  are  seen  to  give  rise  to 
distinct  and  interesting  behavior.  Moreover,  since  He-  is  a  simple  three 
electron  atom,  it  provides  a  good  test  system  for  theoretical  calculations  on 
negative  ions  in  general  and  doubly  excited  ions  in  particular.  One  area 
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requiring  additional  theoretical  attention  is  the  description  of  the  low 
energy  collisional  detachment  processes,  including  the  contributions  due  to 
target  ionization. 
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TABLE  II  Absolute  He”  (^P)  Photodetachment  Cross  Sections 


X  (nm) 

Laser 

a  (10  ^  cm^) 

10741 

C02  -  P(34) 

11.8 

10275 

C02  -  R( 16) 

11.4 

9657 

C02  -  P(32) 

12.3 

9282 

C02  -  R( 18) 

12.0 

1060 

Nd:YAG 

3.9 

752.5 

Kr+ 

4.7 

647.1 

Kr+ 

3.3 

568.2 

Kr+ 

2.5 

530.9 

Kr+ 

1.8 

514.5 

Ar+ 

2.0 

488.0 

Ar+ 

1.3 

457.9 

Ar+ 

3.0 

413.1 

Kr+ 

1.3 

380.0 

XeCl  +  BBQ 

1.5 

308.0 


XeCl 


0.8 


TABLE  III  He  Collisional  Detachment  Cross  Sections  for 

He,  Ar,  and  O2,  Including  Target  Irtuzation 
and  Calculated  Cross  Sections 


Target 


He 


Ar 


Energy  (keV) 


Cross  Sections 

Total  destruction  Slow  ion 


1.0 

2.0 

1.0 

1.5 


14.0  ±  1.3 
15.6  ±  1.3 

12.5  ±  0.6 

12.1  ±  0.6 


<0.3 

<  0.6  ±  0.1 

2.3  ±  0.7 
3.6  ±  0.4 


Calc. 


6.4 
7.2 

2.4 

2.6 
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.  Schematic  diagram  of  the  interaction  region  used  for  the  He”  photo¬ 
detachment  experiment. 

.  Photodetachment  cross  section  as  a  function  of  total  energy  relative 
to  He  (*SQ)  (lower  scale)  and  photon  wavelength  (upper  scale). 

(•)  results  of  Hodges,  Coggiola,  and  Peterson,  ref.  36. 

(A)  results  of  Compton,  Alton,  nd  Pegg,  ref.  37. 

.  Schematic  diagram  of  the  interaction  region  used  for  the  He”  colli- 
sional  detachment  experiments.  Not  shown  is  the  slow  collector  plate 
inside  the  scattering  cell. 

.  Collisional  detachment  total  cross  sections  for  He”  on  He,  Ne,  and  Ar 

from  500  eV  to  4  keV.  The  solid  points  at  4  keV  are  the  data  of 

Simpson  and  Gilbody,  ref.  45. 

.  Collisional  detachment  total  cross  sections  for  He”  on  NO,  O2,  and  H£ 

from  500  eV  to  4  keV.  The  solid  point  at  4  keV  is  the  H2  result  of 

Simpson  and  Gilbody,  ref.  45. 
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FIGURE  1  SCHEMATIC  DIAGRAM  OF  THE  INTERACTION  REGION 
USED  FOR  THE  He'  PHOTODETACHMENT  EXPERIMENT 
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